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1. Introduction 
The land surface interacts with the climate through physical, chemical and biological 
processes, which impact on the energy balance and hydrologic cycle of the Earth, as well as 
on the atmospheric composition (Bonan, 2008). In the context of global climate change 
induced by anthropogenic emissions of greenhouse gases (GHGs) (IPCC, 2013), detailed 
analyses of the processes that modulate land-atmosphere interactions are essential for precise 
future climate predictions and suitable climate change mitigation measures. 
 
Land use and land cover change can have impacts on the climate, and will continue to be an 
important climate forcing in the future (Feddema et al., 2005). A large body of research has 
investigated the effects of land use and land cover change on climate over the last decade 
(Bathiany et al., 2010; Gálos et al., 2011; Göttel et al., 2008; Ge and Zou, 2013; Pielke et al., 
2011). In this work, we focused on Finland, where peatland forestation has been intensively 
conducted (drainage to stimulate forest growth) in naturally treeless or sparsely treed 
peatlands over the second half of 20th century (Päivänen and Hånell, 2012). The peatland area 
in Finland in the 1950s was estimated to be 9.7 million ha (Ilvessalo, 1956), of which around 
5.5 million ha had been drained for peatland forestation by the beginning of 2000s 
(Minkkinen et al., 2002; Tomppo et al., 2011). The climatic impacts of peatland forestation 
have been studied with site-level data and observation-based regional data over Finland 
(Lohila et al., 2010; Solantie, 1994). However, those studies using observational data were 
notable to distinguish the effects of peatland forestation on regional climate conditions from 
global climate changes caused by the increase in concentrations of atmospheric GHGs. In 
particular, regional scale quantification of the impacts of peatland forestation on the climate 
from the biogeophysical aspects has not been investigated. Such information is needed for 
future forest management in regard to climate mitigation.    
 
Moreover, the variability of climate conditions can influence the land surface. Boreal forests 
have been recognised as a “tipping element” of the Earth system as they are highly sensitive 
to climate warming (Lenton et al., 2008). Climate extremes such as drought can lead to 
reductions in forest transpiration and productivity, and even tree mortality in boreal forests 
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(Allen et al., 2010; Ciais et al., 2005; Granier et al., 2007; Peng et al., 2011). In the summer of 
2006, visible drought symptoms on forest appearance were observed in around 30% of forest 
health observation sites in southern Finland (< 65 °N) (Muukkonen et al., 2015). 
 
Various drought indicators have been proposed in recent years. However, a number of factors 
lead to difficulties in drought indication, such as the cumulative nature of drought, the 
temporal and spatial variance during drought development, and the diverse systems that 
drought could have impacts on (Heim, 2002). Based on meteorological variables, the 
Standardised Precipitation Index (SPI) and the Standardised Precipitation-Evapotranspiration 
Index (SPEI) can be calculated at different time scales, and provide a spatially and temporally 
invariant comparison of drought (McKee et al., 1993; McKee et al., 1995; Vicente-Serrano et 
al., 2010). Prolonged meteorological drought can initiate shortage in soil moisture, which is 
closely linked to plant physiology (Mishra and Singh, 2010; Seneviratne et al., 2010). The soil 
moisture status can be investigated relative to the long-term normal as Soil Moisture Anomaly 
(SMA), or instantaneously as Soil Moisture Index (SMI) (also referred to as Relative 
Extractable Water (REW)) (Granier et al., 1999; Lagergren and Lindroth, 2002; Orlowsky and 
Seneviratne, 2013). Although those drought indicators are globally applicable, their 
capabilities in indicating specific drought phenomenon at a regional level have rarely been 
validated in reference to drought impact data (Blauhut et al., 2015). In particular, few drought 
studies exist in northern Europe because of the low occurrence of drought.  
 
Furthermore, the disturbance of ecosystem functioning has an impact on the water, energy and 
carbon cycles, for instance, turning an ecosystem from a carbon sink to a carbon source under 
severe drought (Keenan et al., 2013; Ma et al., 2012; Reichstein et al., 2013). Water Use 
Efficiency (WUE) is a key metric describing plant functioning. It quantifies the trade-off 
between photosynthetic carbon assimilation and transpiration at the leaf level (Farquhar et al., 
1982). With the widespread application of the eddy covariance (EC) technique, WUE can be 
calculated at the ecosystem level (EWUE) as the ratio between gross primary production 
(GPP) and evapotranspiration (ET) (Arneth et al., 2006; Law et al., 2002; Lloyd et al., 2002). 
The impact of drought on EWUE has been broadly studied; however, there is no agreement 
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on the changes of EWUE in the forest ecosystem in regard to drought (Ge et al., 2014; 
Granier et al., 2008; Reichstein et al., 2007; Wolf et al., 2013). In addition, the ecosystem 
level inherent water use efficiency (IWUE), which can partly counteract the effect of 
increased vapour pressure deficit (VPD) on ET, has been proposed, and has been shown to 
increase during a short-term moderate drought (Beer et al., 2009). 
 
Land surface and regional climate models have paved the way for a detailed exploration of the 
underlying processes that modulate land surface and climate interactions. Regional climate 
models with high spatial resolution are able to resolve small-scale atmospheric physical and 
fluid dynamic processes; therefore, they are applicable for the estimation of location, timing 
and intensity of the climatic influence caused by regional land cover change (Castro et al., 
2005; Déqué et al., 2005; Jacob et al., 2007; McGregor, 1997). Land Surface Models (LSMs) 
focus on land surface processes. LSMs can simulate plant photosynthesis and phenology and 
the energy, water and carbon exchange between the land surface and the atmosphere (Pitman, 
2003). LSMs have also been recognised as a valuable tool to derive spatial distribution of soil 
moisture, due to the limitations of ground observed soil moisture in space and time and the 
inability of microwave remote sensing to detect soil moisture in deeper soil layers other than a 
few centimetres from the surface (Hain et al., 2011; Rebel et al., 2012; Seneviratne et al., 
2010). To ensure reliable analyses, model results need to be evaluated with observed datasets 
and to be interpreted with caution.  
 
This thesis aims to increase our understanding of the interactions between the land surface, 
forests and climate in the boreal zone. More specifically, the objectives of this thesis are to: 
 
- quantify peatland forestation impacts on the regional climate in Finland from biogeophysical 
aspects; 
- assess the performance of various drought indicators in representing summer drought in 
boreal forests; 
- improve our knowledge of the response of ecosystem functioning to summer drought in 
boreal Scots pine forests; 
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- identify the benefits and insufficiencies of modelling approaches in investigating land 
surface and climate interactions in the boreal zone. 
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2. Scientific background 
2.1 Surface energy and water balance 
Land surface, forests and climate are linked through the balance of incoming and outgoing 
energy, in combination with the water balance at the Earth's surface (Fig. 1). Assuming a 
layer of horizontally homogenous vegetation exists as an interface between the land surface 
and the atmosphere, the energy balance equation is: R" = LE + H + G + ∆Q+	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.1)  
where net surface radiation (Rn) is the total amount of energy absorbed by the Earth's surface. 
Latent heat flux (LE) is a turbulent flux of energy associated with evaporation from or 
condensation to the surface and transpiration by vegetation. Sensible heat flux (H) is a 
turbulent flux of energy induced by the vertical temperature gradient between the air and the 
surface. Ground heat flux (G) is the heat flux to soil due to temperature gradient within soil. ∆Qs represents the part of energy stored in the assumed interface layer, and it is a sum of 
several storage terms, such as the energy used for photosynthesis and released in respiration, 
the heat storages in biomass. ∆Qs is often omitted in climate models, as the amount is very 
low (Pitman, 2003). 
 
Rn includes two parts: net shortwave radiation and net longwave radiation. The net shortwave 
radiation is calculated as the incoming shortwave radiation at the surface (Rs) minus the 
reflected part (αRs). Thus, the net shortwave radiation is closely linked to the reflectivity of 
surface (surface albedo: α ). Different surfaces or vegetation covers have different 
reflectivities. The net longwave radiation is a balance between incoming longwave radiation 
at the surface (RL) and outgoing longwave radiation from the surface. The outgoing longwave 
radiation is a result of absorbed energy release from the Earth's surface, and can be estimated 
following Stefan-Boltzmann's Law as	  εσT+6, where σ	  	  is the Stefan-Boltzmann constant, T+ 
is surface temperature and ε	  is surface emissivity. Rn can be formulated by equation: R" = R+ − αR+ + R8 − εσT+6	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.2) 
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Figure 1: Surface energy and water balance. 
 
The surface energy balance and water balance are coupled through evapotranspiration (ET), 
which is the outgoing component of the water balance from the Earth's surface and associates 
with the LE of the energy balance. Precipitation (P) is the source for water in the Earth's 
surface. Except the amount of precipitation used for ET, precipitation also forms surface 
runoff (R) and soil water storages (S). After precipitation is infiltrated into a soil column, 
percolation due to gravity leads to water movements from upper soil to deeper soil. In 
addition to percolation, diffusion impacts the vertical soil water distribution. Plants may 
extract water for transpiration from soil using their root. Lateral drainage below the surface 
can occur when soil gets saturated with water. The surface water balance equation can be 
written as:  +   ∆ 
 ∆                                                                   .    1 
Land use and land cover change influences surface energy and water balances, thus impacting 
on climate conditions (Paper I and Paper II) and soil moisture conditions. Changes in 
surface reflectivity modulate the absorbed shortwave radiation by the surface. For instance, a 
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snow-covered open area can reflect much more incoming shortwave radiation than a 
non-snow-covered coniferous forest. Various vegetation types have different ability in 
transpiration, which is related to leaf area and root depth. Leaf area also determines the 
precipitation interception capacity. Changes in ET amount can lead to changes in LE. 
Moreover, the changes in the distribution of root depth can have an impact on soil hydrology. 
The root zone depth is a surface parameter that describes where plants may extract water for 
transpiration from soil using their root. Furthermore, the turbulent exchange of momentum, 
energy and moisture between the surface and the atmosphere is influenced by the roughness 
of the surface, which can be parameterised as roughness length in models. Forests have larger 
roughness length compared to other vegetation types. Three components (P, ET, ∆S) of the 
surface water balance have been used in the calculation of different drought indicators, which 
are assessed for indicating summer drought in boreal forests (Paper III). 
 
2.2 Photosynthesis, transpiration and stomatal conductance 
In the photosynthesis processes, plants assimilate CO2 from the atmosphere in the 
environment with light and water (H2O) to produce carbohydrates (CH2O) and release O2 to 
the atmosphere which can be generally shown as equation below: 
CO2 + H2O + light → CH2O + O2               (2.4) 
Light, temperature and water are the most important environment conditions that affect 
photosynthesis. The assimilation rate of a plant can be strongly limited in low light 
environment and get saturated when there is plenty light. As the activity of enzymes used for 
photosynthesis is mainly dependent on temperature, the leaf temperature thus has an impact 
on the assimilation rate. Under an environment with sufficient light and warm temperature, 
water availability is the limiting factor that most relevant to the photosynthesis capacity, 
which determines the light-saturated assimilation rate. Visible impacts on forest appearance 
have been caused by the summer drought in Finland in 2006 (Muukkonen et al., 2015; Paper 
III). 
 
Transpiration is the process of water movement through plants to the atmosphere. Associating 
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with the opening of stomata to allow the diffusion of CO2 from the atmosphere into the leaf 
for photosynthesis, transpiration is considered as an unavoidable cost of photosynthesis. 
Transpiration transports water and mineral nutrients from roots to leaves, and cool the surface 
temperature of plants. 
 
The stomatal conductance is defined as the diffusion coefficient of CO2 multiplied with the 
cross sectional area of the stomata. According to mass conservation, transpired H2O diffuses 
through stomata 1.6 times faster than CO2. Paper IV studies the summer drought impact on 
ecosystem functioning, which is related to photosynthetic carbon assimilation and 
transpiration and their connections through stomatal conductance. 
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3. Material and methods 
	  
The regional climate model REMO was used in Paper I and II; and the LSM JSBACH was 
used in Paper III and IV. The meteorological forcing data for the regional JSBACH 
simulation in Paper III were adopted from the REMO simulation using the updated land 
cover map in Paper I. In the sections below, the models and their schemes that are most 
relevant to this study, as well as various observational data studied in this work are presented. 
 
3.1 Models 
3.1.1 REMO regional climate model 
REMO is a hydrostatic, three-dimensional atmospheric circulation model that was developed 
at the Max Planck Institute for Meteorology in Hamburg, Germany (Jacob and Podzun, 1997; 
Jacob et al., 2001). REMO has showed the ability to represent the basic spatiotemporal 
patterns of present-day European climate in multi-model intercomparison works, despite the 
fact that biases exist in the simulations (Hagemann et al., 2004; Jacob et al., 2001; Jacob et al., 
2007; Kotlarski et al., 2014). The dynamic core of REMO follows Europa-Modell, which is 
the former numerical weather prediction model of the German Weather Service (Majewski, 
1991). The physical packages (i.e., physical parameterisation scheme) in REMO were 
originally adopted from the general circulation model ECHAM4 (Roeckner et al., 1996) and 
many of them have been updated afterwards (see details in section 3.1.1.1). The prognostic 
variables in REMO include surface pressure, temperature, horizontal wind components, 
specific humidity and cloud liquid water and ice. 
 
The model uses a rotated spherical Arakawa-C grid horizontally (Arakawa and Lamb, 1977), 
and a terrain-following hybrid sigma-pressure coordinate system vertically. Temporally, a 
leap-frog scheme with semi-implicit correction is applied. REMO calculates the fluid 
dynamics and atmospheric physical processes inside the model domain with the forcing from 
the boundaries, which contains information in regard to large-scale circulation outside the 
domain. This is implemented with a relaxation scheme developed by Davies (1976), in which 
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the large-scale forcing decreases exponentially toward the centre of the domain at the eight 
outermost gridboxes at each lateral boundary.  
 
The regional model domain in this work covers Fennoscandia and extends from 52 °N to 
72 °N and from 4 °E to 40 °E, which is centred around Finland (Fig. 2). The model 
simulations were performed with a spatial resolution of 0.167° × 0.167° on the rotated model 
grid and 27 vertical levels. In all the REMO simulations in this thesis, ECWMF ERA-interim 
reanalysis data was used as the meteorological boundary forcing data (Simmons et al., 2007). 
Sea surface temperature and sea ice distribution were also prescribed from ERA-Interim data. 
Prior to the actual REMO simulations, long-term (multi-decades) spin-ups were conducted to 
obtain equilibrium for the soil water and soil heat budgets.   
 
Figure 2: The model domain and the three sites (Hyytiälä - red, Sodankylä - blue, and Kenttärova - yellow) 
studied in this thesis. Orography of the model domain is shown as the background. In this study, southern 
and northern Finland is divided at the 65 °N latitude.  
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3.1.1.1 The land surface scheme of REMO 
The Land Surface Scheme (LSS) of REMO contains a set of surface parameters describing 
land surface characteristics, which control the surface energy and water balances in REMO. 
As the impacts of land cover change on climate conditions were studied in Paper I and Paper 
II, the LSS of REMO is briefly introduced in this section. 
 
In REMO LSS, each model gridbox is composed of fractions of land (vegetation and bare 
soil), water (ocean and inland lake), and sea ice (Semmler et al., 2004). The biogeophysical 
characteristics of land cover types (Olson, 1994a, b) in the default land cover map are 
described by a set of surface parameters (Table 3 in Paper I) (Hagemann et al., 1999; 
Hagemann, 2002). Those land surface parameters are then averaged according to the 
fractional coverage of land cover types in a model gridbox (Claussen et al., 1994; Hagemann 
et al., 1999). Three of the land surface parameters that strongly depend on the vegetation 
phenology (background surface albedo, leaf area index (LAI), and fractional green vegetation 
cover) were prescribed with intra-annual cycles using a monthly varying growth factor, which 
accounts for the seasonal growth of vegetation (Hagemann, 2002; Rechid and Jacob, 2006). 
Surface albedo is equal to the background surface albedo when there is no snow coverage, 
while it is a function of snow albedo, background surface albedo and snow depth in the 
snow-cover period (Kotlarski, 2007). In the REMO LSS used in this work, the intra-annual 
cycle of background surface albedo has been improved with an advanced parameterisation 
using global distributions of pure soil and vegetation albedo derived from MODIS satellite 
data from the period 2001–2004 (Rechid, 2008; Rechid et al., 2009). This updated method for 
deriving background surface albedo was acceptable for Paper I as it attempted to fit the best 
descriptions of the present-day land cover into REMO. However, the method is not suitable 
for historical land-use change studies (such as Paper II) because those albedo maps were not 
measured during the period with historical land cover. This problem has been recognised by 
Preuschmann (2012) and a new method has been proposed. Unfortunately, the proposed 
method was not feasible for high-latitude areas with an extensive snow-cover season, because 
snow cover hinders the possibility of deriving background albedo values from satellite albedo 
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data. Therefore, a simplified method was developed in Paper II to derive the background 
surface albedo values for the land cover classes in the maps; the parameter values in the snow 
albedo scheme were also corrected according to Køltzow (2007), Räisänen et al. (2014) and 
Roesch et al. (2001) (for a more detailed description of the simplified method see Appendix B 
in Paper II). In addition, small corrections were also made for the surface parameters of 
coniferous forest and mixed forest in Paper I and Paper II. 
 
The soil temperature is simulated in REMO with heat diffusion equations solved for a 
five-layer profile (layer thickness: 0.065, 0.254, 0.913, 2.902 and 5.7 m). The heat 
conductivity and heat capacity required by the heat diffusion equations are dependent on the 
soil types, for which the FAO/UNESCO soil map of the world is used (FAO/UNESCO, 
1971-1981; Kotlarski, 2007). In regard to the soil hydrology, a simple bucket scheme is used 
(Manabe, 1969) where the maximum water depth corresponds to the root zone depth 
(Hagemann, 2002). The bucket can be filled with precipitation and snow melt, and depleted 
through ET (evaporation only occurs in the upper 10 cm of soil) and lateral drainage. The 
separation of the water supplement into surface runoff and infiltration follows the Arno 
scheme (Dümenil and Todini, 1992). Hagemann and Gates (2003) improved the Arno scheme 
to account for the higher resolution subgrid heterogeneity of field capacities within a model 
gridbox due to the availability of a high resolution land cover map. Three soil hydrology 
parameters (Beta, Wmin and Wmax) were introduced in the improved Arno scheme to 
account for the shape of the subgrid distribution of soil water capacities, subgrid minimum 
and subgrid maximum soil water capacities.  
 
3.1.2 JSBACH land surface model 
JSBACH is the land surface component of the Max Planck Institute for Meteorology Earth 
System Model (MPI–ESM) (Roeckner et al., 1996; Stevens et al., 2013). It can be fully 
coupled with the atmospheric global circulation model, but it can also run offline as a 
comprehensive process-based terrestrial ecosystem model. Land vegetation cover is described 
as plant functional types (PFTs) with a set of properties with respect to the processes 
accounted for by JSBACH. The photosynthesis model of Farquhar et al. (1980) and Collatz et 
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al. (1992) is used for C3 and C4 plants, respectively. 
 
The land physics of JSBACH were mainly adopted from the physical package of the general 
circulation model ECHAM5 (Roeckner et al., 2003). The original soil hydrology scheme in 
JSBACH is the simple bucket scheme used in REMO (described in section 3.1.1.1). It was 
updated with a 5-layer soil hydrology scheme that has the same vertical distribution as the soil 
heat profile in the thermal module (Hagemann and Stacke, 2015). Therefore, the active soil 
depth could be below the root zone until bedrock appears. The soil layers below the root zone 
can transport water upwards for plant transpiration when the root zone has dried out. 
Moreover, unlike the bucket scheme where the whole bucket has to be largely saturated, bare 
soil evaporation in the 5-layer scheme can occur when the uppermost soil layer is wet.  
 
The regional JSBACH simulation in Paper III was performed offline at a temporal resolution 
of 30 minutes and a spatial resolution of 0.167° × 0.167° at the Fennoscandian domain. The 
model was driven by the meteorological data simulated by REMO using the updated land 
cover map in Paper I, in which the temperature and precipitation were bias corrected with the 
FMI gridded observational data (Aalto et al., 2013). The PFT distribution over the domain 
was prescribed based on the more accurate land cover map in Paper I. In addition, in Paper 
III and Paper IV, site-level simulations with JSBACH at Finnish EC sites (Hyytiälä, 
Sodankylä, and Kenttärova; shown in Fig. 2) were carried out using the half-hourly local 
meteorological observations as model forcing. The parameter settings in the JSBACH 
site-level simulations were mostly based on site-specific information. Prior to the actual 
regional and site-level JSBACH simulations, long-term spin-up runs were conducted to obtain 
equilibrium for the soil water and soil heat, as well as for the ecosystem carbon pools.   
 
3.1.2.1 Stomatal conductance model in JSBACH 
Stomatal conductance (gs) plays an important role in regulating photosynthesis and 
transpiration, especially under water stress. As Paper IV studies the influence of summer 
drought on ecosystem functioning in boreal Scots pine forests in Finland, the stomatal 
conductance model used in the current version of JSBACH is introduced below. 
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Firstly, the net assimilation rate (An [mol m-2 s-1]) and gs [mol m-2 s-1] are calculated for 
unstressed condition, i.e., nonwater limited condition, as the unstressed net assimilation rate 
(An,pot [mol m-2 s-1]) and the unstressed stomatal conductance (gs,pot [mol m-2 s-1]). The An,pot is 
calculated using the photosynthesis model in JSBACH, for which the intercellular CO2 
concentration under unstressed condition (Ci,pot [mol mol-1]) is needed. The Ci,pot is prescribed 
using the atmospheric CO2 concentration (Ca [mol mol-1]), where Ci,pot = 0.87Ca for C3 plants 
and Ci,pot = 0.67Ca for C4 plants (Knorr, 2000). After the An,pot is determined, the gs,pot is 
derived using the following equation: 
g+,?@A = 	   1.6A",?@ACE −	  CF,?@A 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (3.1) 
Then, to derive gs, gs,pot is scaled with an empirical water stress factor β, which is a function 
of soil water content: g+ = 	  βg+,?@A	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (3.2) 
where 
β = 	   1	  θ − θIFJAθKLFA − θIFJA0	  	   	  	  	  	  	  	  	  	  	  θIFJA <
θ ≥ θKLFAθ < θKLFAθ ≤ θIFJA	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (3.3) 
where θ	  [m3 m-3] is the volumetric soil moisture, θKLFA	  [m3 m-3] is the critical soil moisture 
content, θIFJA	  [m3 m-3] is the permanent wilting point. 
 
Finally, Ci and An are computed with gs. The canopy conductance (Gc [mol m-2 s-1]) and 
canopy-scale An are integrated over the leaf area. 
 
3.2 Observations 
3.2.1 Land cover maps 
Four land cover maps were adopted for REMO simulations in this study (Table 1). In Paper I, 
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version 2.0 of Global Land Cover Characteristics Database (GLCCD) was replaced with the 
2006 version of the Corine Land Cover (CLC) for the majority of the Fennoscandinavian 
domain in REMO, excluding Russia and Belarus where the CLC does not cover. In Paper II, 
the 1st Finnish National Forest Inventory (FNFI1) and the 10th Finnish National Forest 
Inventory (FNFI10) were implemented in REMO in order to study the biogeophysical effects 
of peatland forestation on climate conditions in Finland. The implementation of FNFI maps 
were based on the work that was done in Paper I.  
 
Table 1: Summary of land cover maps used in this study. 
Map Time tag 
Spatial No. of land 
cover types Reference Coverage Resolution 
Paper I 
GLCCD version 2.0 (Global Land 
Cover Characteristics Database) 1992-1993 Global 1 km 74 
U.S. Geological Survey 
(2001) 
CLC 2006 (CORINE Land Cover) 2006+/-1 Most areas of Europe 100 m 44 
European Environment 
Agency (2007) 
Paper II 
FNFI1 (1st Finnish National Forest 
Inventory) 1921-1924 Finland 3 km 10 
Ilvessalo (1927); 
Tomppo et al. (2010) 
FNFI10 (10th Finnish National Forest 
Inventory) 2004-2010 Finland 3 km 10 Korhonen et al. (2013) 
 
The standard land cover map employed in REMO is GLCCD. Based on AVHRR satellite data 
from April 1992 to March 1993 mainly, the U.S. Geological Survey (1997) constructed 
GLCCD (version 1.0) to display the global distribution of major ecosystem types (Olson, 
1994a, b) at a 1 km horizontal resolution (Loveland et al., 2000). Later, land cover classes that 
cover 10% of the global land area in GLCCD (version 1.0) were revised and GLCCD (version 
2.0) was produced (U.S. Geological Survey, 2001). Similarly, CLC 2006 is a land cover map 
based on satellite images, which were measured with the HRVIR and LISS-III instruments in 
2006 ± 1 year (European Environment Agency, 2007). The horizontal resolution of CLC 2006 
is 100 m, and 44 land cover classes were included. The FNFI1 describes the land cover of 
Finland in the 1920s before peatland forestation (Ilvessalo, 1927; Tomppo et al., 2010), while 
the FNFI10 represents the present-day land cover in the 2000s (Korhonen et al., 2013). In 
Paper II, we substituted the CLC with FNFI10 to describe the present-day land cover, in 
order to avoid uncertainties in comparing land cover maps with different land cover 
classification methods and different spatial resolutions. The differences between FNFI1 and 
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FNFI10 show the largest historical changes on land cover in Finland due to peatland 
forestation, which has started at 1950s. According to the FNFI series, the area of undrained 
mires was 8.83 million ha at 1951-1953 (FNFI3), 4.32 million ha at 1986-1994 (FNFI8), 4.14 
million ha at 1996-2003 (FNFI9) and 4.00 million ha at 2004-2010 (FNFI10) (Päivänen and 
Hånell, 2012). Both the FNFI land cover maps are at a 3 km resolution and include 10 land 
cover classes that follow the CLC nomenclature. Both FNFI1 and FNFI10 land cover maps 
are post-products that were especially prepared for this study from the respective FNFI field 
measurement data (see detailed description of the procedures in Appendix A in Paper II). 
The FNFI land cover maps are at a 3 km resolution and include 10 land cover classes that 
follow the CLC nomenclature, where the land cover type “peat bogs” is defined as naturally 
treeless peatland and mires where the stocking level is low or the mean height of trees is 
below 5 m at maturity. 
 
In order to utilise the existing land surface parameters for the default land cover types, 
translations of the land cover types in the newly introduced land cover maps to the Olson land 
cover types in GLCCD (version 2.0) have been conducted through comparing the definitions 
and matching the surface characteristics of land cover types. It is obvious to find appropriate 
analogues for some land cover types; for instance, matching the coniferous forest, mixed 
forest and broad-leaved forest in FNFI maps with conifer boreal forest, cool mixed forest and 
cool broadleaf forest in GLCCD, respectively. However, for some land cover types, such as 
transitional woodland/shrub in FNFI maps, it is not straightforward to find correspondence 
land cover types in GLCCD, and GLCCD land cover types with suitable land surface 
parameters were adopted. All the translations are listed in Table 1 in Paper I and Table B1 in 
Appendix B in Paper II. 
 
3.2.2 Meteorological observations and ecosystem flux data 
A number of meteorological observations were used in this work (Table 2). The E-OBS 
gridded observational data (Haylock et al., 2008) were adopted in Paper I and Paper II for 
model evaluation. The E-OBS dataset covers the area between 25 °N - 75 °N and 40 °W - 
75 °E. It is a daily high-resolution gridded dataset that aims to provide the best estimate of 
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gridbox values rather than point values to enable direct comparison with the results from 
regional climate models. The dataset has five elements that include daily mean temperature, 
daily minimum temperature, daily maximum temperature, daily precipitation sum and daily 
averaged sea level pressure. It has been found that the uncertainty in E-OBS data is largely 
dependent on the season and number of observations. Paper I assessed the simulated mean 
monthly/seasonal maximum and minimum 2-m air temperatures, diurnal temperature range 
and precipitation with E-OBS data (version 7.0). In Paper II, the temperature trends over 40 
years (1959-1998) for March and April were calculated based on monthly mean daily 
maximum and monthly mean daily minimum surface temperatures over Finland from E-OBS 
data (version 10.0), so as to compare with the simulated effects on surface temperature in 
spring from peatland forestation.    
 
Moreover, the gridded meteorological data compiled by the Finnish Meteorological Institute 
(FMI gridded observational data; Aalto et al. (2013)) from site observations in Finland were 
used as the baseline climate for the bias correction of JSBACH forcing data, and as inputs for 
the calculation of observation-based drought indicators (Paper III). The data contain daily 
mean temperature, daily minimum temperature, daily maximum temperature, precipitation, 
relative humidity and incoming shortwave radiation on a 0.2° longitude × 0.1° latitude grid 
over Finland.     
 
Meteorological data at the three sites were used as meteorological forcing for site-level 
simulations by JSBACH, and in Paper III the site measured soil moisture were compared 
with the simulated soil moisture. Two of those three sites were also studied in Paper IV with 
GPP and ET fluxes derived from EC measurements.  
 
In addition, ERA-Interim reanalysis data (Simmons et al., 2007) was used to drive REMO in 
Paper I and Paper II, and the 10-m wind speed of ECWMF ERA-Interim reanalysis data was 
used in Paper III to calculate the reference evapotranspiration (ET0) from the 
Penman-Monteith equation (Allen et al., 1994).   
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Table 2: Summary of meteorological observations and ecosystem flux data used in this study.  
Data Spatial coverage or site 
Spatial resolution or 
location Time period 
Time 
resolution Functionality Reference 
E-OBS 
Land area of the  
Fennoscandian 
domain (Fig. 2) 
0.22 rotated grid 
(Paper I); 
0.25 regular grid 
(Paper II) 
2000-2009 
(Paper I); 
March and 
April of 
1959-1998 
(Paper II) 
Monthly or 
seasonal 
Model evaluation 
(Paper I and Paper II) 
Haylock et al. 
(2008) 
FMI-gridded 
observational 
data 
Finland 0.2° lon × 0.1° lat 1981-2010 Daily 
Baseline climate for 
bias correction of 
REMO simulation 
(Paper III); 
Drought indicator 
calculation (Paper III) 
Aalto et al. 
(2013) 
ERA-Interim 
The 
Fennoscandian 
domain (Fig. 2) 
80 km 
2000-2009 
(Paper I); 
1797-1996 
(Paper II) 
6-hourly 
Meteorological forcing 
for REMO regional 
simulation (Paper I, 
Paper II); 
10-m wind speed was 
used for calculatingET0 
for drought indicator 
(Paper III) 
Simmons et al. 
(2007) 
Site 
meteorological 
data 
Hyytiälä, 
Sodankylä, 
Kenttärova 
(Fig. 2) 
61°51′ N, 
24°17′ E; 
 
67°22′ N, 
26°38′ E; 
 
67°59′ N, 
24°15′ E 
Summer (June, 
July, August) 
of 1999-2009 
for Hyytiälä; 
Summer of 
2001-2008 for 
Sodankylä; 
Summer of 
2008-2010 for 
Kenttärova 
Half-hourly 
Meteorological forcing 
for JSBACH site-level 
simulations 
(Paper III, Paper IV) 
Aurela (2005); 
Aurela et al. 
(2015); 
Vesala et al. 
(2005) 
Site soil 
moisture data 
Hyytiälä, 
Sodankylä, 
Kenttärova 
The same as  
above 
The same as 
above Daily 
Drought indicator 
calculation (Paper III, 
Paper IV) 
The same as 
above 
Ecosystem flux 
data 
Hyytiälä, 
Sodankylä 
61°51′ N, 
24°17′ E; 
 
67°22′ N, 
26°38′ E; 
Summer of 
1999-2009 for 
Hyytiälä; 
Summer of 
2001-2008 for 
Sodankylä 
Daily 
Water use efficiency 
calculation 
(Paper IV) 
Mammarella et 
al. (2016); 
Aurela et al. 
(2015) 
 
3.2.3 Forest health observation data 
The forest drought damage percentages in Finland of forest health observation data from 2005 
to 2008 in Muukkonen et al. (2015) were adopted in Paper IV. The forest health observation 
data are products of the pan-European monitoring programme ICP Forests (the International 
Co-operative Programme on the Assessment and Monitoring of Air Pollution Effects on 
Forests). Forest drought damage symptoms have been identified since 2005 in Finland 
through visual inspections, following internationally standardized methods (Eichorn et al., 
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2010) and national field guidelines (e.g. Lindgren et al., 2005). The inspections have been 
carried out at forest stands during July and August annually by 10-12 trained observers in 
Finland. A drought damage site was recognized when a single sample tree in a study site 
showed drought symptoms. Therefore, uncertainties in the data can rise from subjective 
interpretations and inappropriate time point of the visual inspections. In the summer of 2006, 
24.4% of the 603 forest health observation sites over entire Finland showed drought 
symptoms, in comparison to 2-4% drought damaged sites in a normal year. Most of the 
drought damaged sites located in southern Finland, totalling to 30% of the observation sites in 
southern Finland. 
 
3.3 Studied indicators 
3.3.1 Drought indicators 
The drought indicators studied in Paper III are summarized in Table 3. The SPI is the most 
prominent and widely used drought indicator and has been recommended as a standard 
drought indicator by the World Meteorological Organization (WMO) due to its flexibility for 
various time scales, simplicity in input parameters and calculation, as well as effectiveness in 
decision making (Hayes et al., 2011; Sheffield and Wood, 2011). The SPEI was developed 
based on the SPI. In addition to precipitation, the SPEI accounts for temperature impacts on 
drought (Vicente-Serrano et al., 2010). The SPI and SPEI can be used to indicate the impacts 
of drought on various water resources, such as agriculture drought and hydrological drought, 
when calculated with different time scales (World Meteorological Organization, 2012). The 
SMA has been adopted in the Coupled Model Intercomparison Project (CMIP) in order to 
study soil moisture drought under current and future projections in Global Circulation Models 
(GCMs) (Orlowsky and Seneviratne, 2013). The SMI has been used to investigate soil water 
related plant physiology issues, as it can represent the relative plant available water in the root 
zone (Granier et al., 1999; Lagergren and Lindroth, 2002). 
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Table 3: Summary of drought indicators used in this study. 
Indicator Definition 
Input dataset 
Source Time scale Spatial scale 
SPI 
A probabilistic measure of precipitation 
anomalies over a desired period with respect to 
the long-term normal (McKee et al., 1993). 
1. FMI gridded meteorological data; 
2. JSBACH meteorological forcing 
data 
28-day running 
means, over 30 
years 
Regional-wise 
(over Finland) 
SPEI 
Similar to SPI, with the improvement that italso 
accounts for the impact of temperature on 
drought through PET, in addition to the water 
supply from precipitation (Vicente-Serrano et 
al., 2010). 
1. FMI gridded meteorological data, 
and 10m wind speed from ECWMF 
ERA-interim; 
2. JSBACH meteorological forcing 
data 
28-day running 
means, over 30 
years 
Regional-wise 
(over Finland) 
SMA 
The normalized deviation of the soil moisture 
status in a certain period of a year to the soil 
moisture climatology over this period 
(Orlowsky and Seneviratne, 2013). 
1. Soil moisture from the regional 
JSBACH simulation 
28-day running 
means, over 30 
years 
Regional-wise 
(over Finland) 
SMI 
A measure of plant available soil water content 
relative to the maximum plant available water in 
the soil (Betts, 2004; Granier et al., 2007; 
Seneviratne et al., 2010). 
1. Soil moisture from the regional 
JSBACH simulation. 
2. Soil moisture from the site 
JSBACH simulations. 
3. Observed soil moisture at sites 
Daily 
Regional-wise 
(over Finland); 
Site-wise 
 (in Finland) 
 
The SPI, SPEI and SMA are standardized indicators that show a degree of anomalies from the 
statistical means over a period, while SMI directly presents plant available water. In Paper IV, 
the standardised indicators were calculated on a time resolution of a 28-day running mean 
over the 30-year period, and the SMI was calculated daily. The SPI and SPEI were calculated 
with both the FMI gridded meteorological data and the regional JSBACH forcing data, while 
SMA and SMI were computed with the soil moisture from the regional JSBACH simulation. 
Moreover, SMIs at the three measurement sites were derived from site observations and site 
JSBACH simulations. For descriptions of the calculation methods for those drought indicators 
see section 3.2 in Paper III or the references listed in Table 3. 
 
3.3.2 Ecosystem functioning metrics 
EWUE is calculated as the ratio of GPP and ET (EWUE = GPP/ET), while IWUE is defined 
as EWUE multiplied by VPD (IWUE = GPP×VPD/ET) according to Beer et al. (2009). For 
the calculation of EWUE and IWUE, the impacts from interception and soil evaporation can 
not be excluded when using of ET from ecosystem flux data. However, process-based 
ecosystem models can simulate plant physiological processes and provide evaporation and 
transpiration separately. Thus, the transpiration-based ecosystem water use efficiency 
(EWUEt) and inherent water use efficiency (IWUEt) can be calculated using simulated 
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transpiration. In Paper IV, both EWUE and IWUE were calculated at daily time scales with 
ecosystem flux data and JSBACH site-level simulations at a southern (Hyytiälä) and a 
northern (Sodankylä) boreal Scots pine (Pinus sylvestris) forest sites in Finland, while 
EWUEt and IWUEt were calculated with JSBACH site-level simulations. 
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4. Overview of key results 
4.1 Effects of land cover on regional climate 
4.1.1 Implementing an updated land cover map in the regional climate model 
REMO 
Land surface parameters are typically attributed to land cover types in climate models. 
Therefore, the best information on land cover that is available should be used in climate 
models to reduce the uncertainties in simulation results. The default global land cover map in 
REMO is GLCCD, which has been found to be inaccurate in representing the present-day 
land cover distribution in Finland. For instance, the fraction of peatlands over land area in 
Finland estimated by FNFI10 is 7.4% in Korhonen et al. (2013) but 0% in GLCCD, and the 
large area of deciduous forest in the middle of Finland in GLCCD is deemed unrealistic. 
Moreover, the use of Narrow Conifers as the dominant vegetation type in the lake area in 
southern Finland by GLCCD is incorrect. However, those deficiencies are not observed in 
CLC, which is a more accurate and higher resolution representation of present-day land cover 
in Europe. In Paper I, CLC was implemented in REMO for the northern European domain, 
and the impacts of the updated land cover map on regional climate conditions were analysed 
with the differences between two decadal (2001-2009) model runs.  
 
The REMO simulation using CLC showed similar results to the REMO simulation using 
GLCCD in terms of surface temperatures and precipitation (Fig. 3). In comparison with the 
E-OBS observational data, the model biases were only marginally reduced when the CLC was 
used. The differences in surface temperatures and precipitation between simulations that used 
CLC and GLCCD were mainly induced by the increased surface albedo in the snow-cover 
period and the decreased ET in the growing season due to the increase of peatland area and 
decrease of forests in CLC. In general, REMO underestimated the monthly areal averaged 
diurnal temperature range by 2 to 3 K in comparison to that in the E-OBS data, mainly due to 
the underestimation of daily maximum 2-m air temperature and the overestimation of daily 
minimum 2-m air temperature. The annual areal averaged precipitation over land area was 
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overestimated by about 27%. Thus, in order to reduce bias in simulated climate by REMO, 
further developments in model physics are required and are the subject of ongoing research. 
For example, the 5-layer soil hydrology scheme that was introduced in JSBACH by 
Hagemann and Stacke (2015) was investigated with its simulated soil moisture over Finland 
(Paper III). This advanced soil hydrology scheme, which was also implemented in REMO to 
replace the simple bucket soil hydrology scheme, is under a testing phase. Furthermore, as 
there are numerous lakes located in our Fennoscandinavian domain, the implementation of a 
lake model in REMO is an ongoing process (J.-P. Pietikäinen, Finnish Meteorological 
Institute, personal communication). Moreover, spatially more explicit land cover maps with a 
parameter set tailored for the study area could reduce the uncertainties in the simulation 
results of climate models. 
 
Figure 3: a) Differences (REMO – E-OBS) in monthly areal averaged daily maximum 2-m temperature 
(black) and daily minimum 2-m temperature (red) between the REMO simulation using GLCCD and 
E-OBS data (solid lines), and between the REMO simulation using CLC and E-OBS data (dashed lines); b) 
Areal averaged monthly mean diurnal temperature ranges in REMO simulations using GLCCD (solid line) 
and CLC (dashed line), and in E-OBS (dotted line); c) Monthly mean precipitation averaged over all land 
grid points in REMO simulations using GLCCD (solid line) and CLC (dashed line), and in E-OBS (dotted 
line). In those figures, the multi-year monthly means were computed over a 9-year period from 1 January 
2001 to 31 December 2009 and the area means were computed over the land area in REMO simulation. 
 
Some deficiencies may influence the results of this study as well. Firstly, the translations of 
the land cover types between CLC and GLCCD were subjective to a certain extent. Secondly, 
the freedom for REMO simulations was limited and the modelled results may be constrained 
because the model domain was relatively small (Køltzow, 2007). Furthermore, as E-OBS are 
gridded data interpolated from site measurements, the relatively sparse measurement station 
density in northern Europe, measurement errors and imperfect interpolation methods are 

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possible reasons for the data biases (Haylock et al., 2008).   
 
4.1.2 Biogeophysical impacts of peatland forestation on regional climate changes 
in Finland 
In Paper II, the biogeophysical impacts of peatland forestation on regional climate conditions 
in Finland were studied based on the differences in regional climate conditions between the 
REMO simulations with FNFI10 (post-drainage) and FNFI1 (pre-drainage) land cover maps. 
The uncertainties related to the model bias were considered to be eliminated by using this 
“delta change approach” (Gálos et al., 2011). 
 
Results showed that surface albedo decreased strongly during the snow-cover period and 
slightly in the growing season in peatland forestation area (Fig. 5c in Paper II). The biggest 
difference in surface albedo occurred in the snow-melt period between the snow-covered open 
area and the non-snow-covered forest because of advanced snow clearance day (i.e., the first 
day after that the total number of snow-covered days does not exceed the total number of 
snow-free days) due to peatland forestation. Other surface parameters describing vegetation 
characteristics, including LAI, roughness length, fractional green vegetation cover and forest 
ratio, increased throughout the year after peatland forestation. The strongly decreased surface 
albedo increases the absorption of the shortwave radiation in the surface, especially in spring 
when the incoming solar radiation is more sufficient than in winter. In the growing season, the 
increased LAI and fractional green vegetation cover can lead to an increase in ET, thus more 
energy were consumed through latent heat flux than gained by the slight decrease in surface 
albedo. Moreover, the increased roughness length can increase turbulent mixing and 
consequently the magnitudes of turbulent fluxes. 
 
As a consequence of the changes in land surface characteristics mentioned above, a spring 
warming effect and a slight cooling effect in the growing season were induced by peatland 
forestation (Fig. 4). However, there was no clear change in precipitation. More specifically, 
we found that a warming of up to 0.43 K in monthly averaged daily mean 2-m air temperature 
in April occurred in the most intensive peatland forestation area, which is located in the 
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middle west of Finland, whereas the temperature showed a slight cooling of less than 0.1 K in 
the growing season (from May to October). Also, the snow clearance day was advanced by up 
to 5 days in an average of 15-year analyses period in this area. Moreover, it is found that a 
positive feedback induced by peatland forestation occurred between the lower surface albedo 
and warmer surface air temperature in the snow-melt period. The warming caused by lower 
surface albedo led to a quicker and earlier snow melting, which induce more decrease in 
surface albedo and increase in surface air temperature. Furthermore, in a more detailed 
analysis of the simulated results at the five selected sub-regions (Table 1 in Paper II), which 
represent a range of peatland forestation intensities, the results showed that the magnitudes of 
differences in the climate variables were dependent on the intensity of land cover changes, 
while the timings of the extremes mostly relied on geographical locations that define the 
radiation balance through the seasonal cycle. 
 
Figure 4: Upper panel: Changes of fractional coverage of the peat bogs and coniferous forest from 1920s 
to 2000s (FNFI10 - FNFI1). Lower panel: The 15-year (1 December 1982 – 30 November 1996) averaged 
differences between the model simulation using FNFI10 and using FNFI1 in monthly-averaged daily mean 
2-m air temperature in April and June. 
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To validate the realism of the simulated spring warming effect due to peatland forestation, the 
40-year (1958-1998) trends of surface temperatures (monthly mean daily maximum and 
monthly mean daily minimum) in March and April based on E-OBS data were investigated. 
The monthly mean daily maximum temperature in both months showed a statistically 
significant increase in major areas of peatland forestation, but the same increases were not 
shown in the trends of monthly mean daily minimum temperature. The reason for this is that 
daily maximum temperature closely depends on the absorption of the shortwave radiation in 
the surface, while daily minimum temperature is more influenced by the general climate 
change caused by the increase of GHGs. Nevertheless, it is difficult to compare exact 
magnitudes and locations of temperature changes in the simulations and observations, as 
many other factors can impact the temperature change in reality. In addition, we also found 
that the differences in the regional averaged 11-day running means of the simulated net 
surface solar radiation of the most intensive peatland forestation area (Fig. 5d in Paper II) 
agrees well with the observed differences (averaged over 1971 to 2000) in daily mean net 
surface solar radiation (Fig. 4 in Lohila et al., 2010) between open peatland and forest sites 
located in southern and northern Finland (more detailed analyses about this can be seen in 
section 5.2 in Paper II). 
 
Overall, the biogeophysical changes due to peatland forestation can lead to warming in spring 
and cooling in the growing season of surface. Those impacts on surface air temperature are 
rather local, and their magnitudes and timings are dependent on the intensity and geographical 
location of peatland forestation. This study also highlights the potential impacts on climate 
from the projected increase of woody plants with the earlier onset of the growing season at 
high latitudes (Falloon et al., 2012; Zhang et al., 2013).  
 
4.2 Indicating summer drought in boreal forests with drought indicators 
Paper III investigated the performance of the drought indicators introduced in section 3.3.1 
in describing the timing, spatial extent and intensity of drought in summer over a 30-year 
period (1981-2010) in Finland. In particular, this study assessed the capabilities of those 
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drought indicators, in conjunction with the forest health observation data described in section 
3.2.3, to capture the Extreme Drought affecting Forest health (EDF) in boreal forests in 
Finland. The EDF is defined in this study according to the extreme drought in Finland in 2006, 
which caused visible impacts on forest appearance compared to normal years (Muukkonen et 
al., 2015). In addition, as the JSBACH simulated regional soil moisture was used in the 
calculation of the soil moisture indicators (SMA and SMI), this study also aimed to provide 
some insights into the capability of the 5-layer soil hydrology scheme in JSBACH to simulate 
soil moisture dynamics across Finland.    
 
Firstly, it was found that simulated soil moisture was in good agreement with the observed 
soil moisture at the three sites (Hyytiälä, Sodankylä, Kenttärova), in regard to the seasonal 
dynamics of soil moisture and the timing of dry spells (Fig. 2 in Paper III). Nevertheless, 
differences existed in the rates of change and amplitudes of variations between the simulated 
and observed soil moisture. Differences in the meteorological forcing data and soil type 
between the site and the regional grid were the main reasons for the discrepancies between 
soil moisture of the site-level simulations and site-located grid results from the regional 
simulation. In regional modelling, effective soil characteristics are chosen to represent the 
average characteristics of a gridbox due to the large heterogeneity of soil characteristics. 
 
The SPI, SPEI and SMA are standardised indicators that describe the degree of anomalies 
over a period, while SMI is directly related to plant available water. The results showed that 
the standardised indicators presented less variability along the latitude transection than was 
observed with SMI, with the latter indicating drought-prone areas in the shallow soil area 
along the coastline in southern Finland, and drought-resistant areas in the peat soil area 
(latitudes 66 °N to 68 °N) in northern Finland. We also found that the buffering effects of soil 
moisture (i.e. the integrative behaviour of soil moisture) and associated soil moisture memory 
can delay and extend the drought episodes as indicated by soil moisture indicators, in 
comparison to those by the meteorological indicators. The SPEI showed higher time 
correlation coefficients with the soil moisture indicators than SPI, as SPEI takes into account 
the surface water balance rather than precipitation only. An example of the drought evolution 
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indicated by those drought indicators in Finland in the summer of 2006 can be seen in Fig. 5.  
 
Figure 5: Latitude-time transections of SPI, SPEI, SMA, SMI for the summer of 2006. For SPI, SPEI and 
SMA, increased drought is indicated with yellow-red shading, and increased wet is indicated with 
green-blue shading. For SMI, plant available water in the soil increases with the SMI value increased 
from 0 to 1. 
 
The EDF thresholds for those drought indicators were derived based on the spatially 
representative statistics of forest health observation in the extremely dry year 2006. The SMI 
was found to be more capable in spatially representing the EDF in 2006 than other 
investigated indicators. Moreover, the periods and mean fraction of affected areas of EDF 
events predicted by the three indicators for the summer months of the 30 years showed large 
divergences. The SPEI was the most sensitive drought indicator and showed the highest 
amount of EDF over larger areas, while the SMI showed much less EDF events than the other 
two indicators. This is reasonable because SPEI is the indicator that is based on the 
meteorological variables that cause drought, whereas SMI reflects the cumulative results of 
the meteorological variables.  
 
In conclusion, SMI is considered to be the best of the investigated indicators for indicating 
summer drought in boreal forests, due to the high initial soil moisture values in the beginning 
of summer and the broad existence of peat in boreal areas. The selected EDF thresholds for 
those drought indicators could be calibrated when more forest health observation data from 
field studies or from satellite measurements are available. This study further indicates that a 
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land surface model that is capable of reliable prediction of soil moisture is necessary for the 
evaluation of drought risks in boreal areas in future climate predictions. 
 
4.3 Response of water use efficiency to summer drought in boreal Scots pine 
forest 
Paper IV studied the response of water use efficiency to summer drought at daily time scales 
at a southern (Hyytiälä) and a northern (Sodankylä) Scots pine forest sites in Finland (site 
characteristics can be found in Table 1 in Paper IV). The summer period (June-August) from 
an 11-year dataset for Hyytiälä (1999-2009) and from an 8-year dataset for Sodankylä 
(2001-2008) were analysed according to data availability. Drought was indicated by the soil 
moisture indicator SMI, which was studied in Paper III or volumetric soil moisture (θ) when 
the parameters of the soil properties were not measured e.g. at Sodankylä. In addition, the 
results based on the JSBACH site-level simulations were evaluated against the observed 
results, due to the importance of understanding and projecting biosphere-atmosphere 
feedbacks of terrestrial ecosystems under climate change. 
 
Overall, the coupling between GPP and ET followed a non-linear relationship (Fig. 1 and Fig. 
S2 in Paper IV). At both sites, GPP and ET increased with increasing incoming solar 
radiation, air temperature and VPD, but the impact from soil moisture was not clear. It was 
found that GPP and ET were greatly suppressed, and their relationships to environmental 
variables changed under a severe soil moisture drought (SMI < 0.2) at Hyytiälä (Fig. 6 shows 
ET dependence on VPD). Also, the coupling between GPP and ET was disturbed due to soil 
moisture limitation. No severe soil moisture drought was observed at Sodankylä during the 
study period, and the GPP and ET groups did not show strong deviations. As a consequence, 
the EWUE at Hyytiälä from the observed data showed a decrease during a severe soil 
moisture drought, but no decrease in EWUE was observed due to the soil moisture drought at 
Sodankylä. However, IWUE increased during a severe soil moisture drought (SMI < 0.2) at 
Hyytiälä and a moderate drought (0.032 < θ < 0.064) at Sodankylä in the observed data (Fig. 
7). The contradictory behaviour of EWUE and IWUE indicates that the decrease in ET was 
alleviated when VPD increased during drought, and led to a stronger decrease in GPP than in 
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ET, despite the fact that the decrease in surface conductance at the ecosystem level was 
stronger than that in GPP. The increase of IWUE presented at different severities of soil 
moisture drought at the two sites. This indicates a weaker response to soil moisture drought in 
the southern Scots pine forest site than in the northern site. Therefore, IWUE can be 
considered a more appropriate metric than EWUE for indicating the impact of soil moisture 
drought on ecosystem functioning at daily time scales.  
 
 
Figure 6: Relationship between daily evapotranspiration (ET) and vapour pressure deficit (VPD) from 
observed data, and relationships between daily ET and VPD, transpiration (T) and VPD from simulated 
data at Hyytiälä and Sodankylä, categorized by soil moisture conditions. The lines are fitted regression 
lines for the categorized soil moisture groups. 
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Figure 7: Relationship between daily ecosystem level water use efficiency (EWUE) and evapotranspiration 
(ET), and the relationship between gross primary production multiplied by vapour pressure deficit 
(GPP×VPD) and ET from observed data at Hyytiälä and Sodankylä; the relationship between daily 
transpiration-based ecosystem water use efficiency (EWUEt) and transpiration (T), and the relationship 
between GPP × VPD and T from simulated data at Hyytiälä and Sodankylä.  
 
In general, the JSBACH simulated GPP and ET demonstrated good correspondences with the 
observed GPP and ET at daily time scales at the two study sites (Fig. 8), although some 
deficiencies exist in the modelled results. The modelled daily GPP showed some zero values 
at Hyytiala because incoming solar radiation were zero in those days in the model driving data 
derived from site measurements. For the negative daily ET values in the modelled results, a 
likely reason is that the offline coupling for the JSBACH simulation tends to overestimate 
night-time condensation, which consequently leads to an underestimation of daily mean latent 
heat flux (Dalmonech et al., 2015). Nevertheless, the model successfully predicted the strong 
decrease of GPP and ET under a severe soil moisture drought, and a slight decrease in ET 
under a moderate drought (0.2 < SMI < 0.4) (Fig. 6). However, the decrease of GPP and ET 
from simulations under a severe soil moisture drought was smaller than that from observation. 
The reason for this can be found in Knauer et al. (2015), who concluded that the stomatal 
conductance in JSBACH is insensitive to air humidity. In global models, simple 
representations of stomatal regulation have often been applied. Nevertheless, low soil 
moisture and high VPD are coherent phenomena during a drought. Thus, the comparison 
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between modelled and observed results indicates that JSBACH needs to be improved with a 
stomatal conductance model that considers limitations from both soil moisture drought and 
atmospheric drought on stomatal conductance. Moreover, the inclusion of non-stomatal 
limitation processes during drought, such as reduced mesophyll conductance or carboxylation 
capacity (Manzoni et al., 2011; Zhou et al., 2013), may also improve the model results 
(Keenan et al., 2013). Also, it should be kept in mind that the ecosystem flux data has 
uncertainties. There is always a random error component in the ecosystem flux data measured 
with EC technique due to the stochastic nature of the turbulent flow. Systematic errors may 
also exist in the ecosystem flux data due to imperfect spectral corrections, gap-filling 
procedures or calibration problems (Richardson et al., 2012; Wilson et al., 2002). 
	  
Figure 8: Correlations between the observed and simulated GPP, and correlations between the observed 
and simulated ET at Hyytiälä and Sodankylä over the study period. All the correlation coefficients are 
statistical significant (p < 0.01). 
 
Hyytiälä
Sodankylä
r=0.73 r=0.73
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4.4 Limitation of our regional modelling studies	  
Our regional modelling studies can be improved in several aspects. Firstly, as land surface 
parameters are attributed according to land cover types in those models, accurate land cover 
maps are always the preconditions for regional simulations. Secondly, tailored land surface 
parameter values for the study area rather than the default global-wised parameter values are 
required, for the aim to reduce the inaccuracies in modelling land surface physical processes. 
Thirdly, high-quality soil type distribution, representative soil parameters, and more 
sophisticated soil hydrology models have the capability to improve the simulated soil 
moisture. Then, the meteorological forcing data is of vital importance for LSMs to simulate 
realistic soil moisture and plant functioning. Moreover, it is expected that further development 
in model physics could reduce model biases when considering the costs of model efficiency. 
The simple bucket soil hydrology scheme in REMO is insufficient to represent the complex 
soil hydrological processes, and the 5-layer soil hydrology scheme has been implemented in 
REMO and is under a testing phase. The default stomatal conductance model in JSBACH is 
insensitive to air humidity. This leads to an overestimation of GPP and ET under a severe soil 
moisture drought. A stomatal conductance model that considers both soil moisture drought 
and atmospheric drought needs to be implemented in JSBACH. Finally, the modelling studies 
only used one regional climate model and one land surface model. Ensemble simulations with 
multi-model intercomparisons will help to reduce model biases and the uncertainties of our 
understanding on our topics.	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5. Review of papers and author's contribution 
Paper I describes the implementation of an updated and more accurate high-resolution land 
cover map to replace the standard land cover map in the regional climate model REMO. The 
impacts of the improved land cover map on the simulated regional climate conditions were 
analysed with observation-based E-OBS data as a reference. Although the model biases of the 
simulated climate conditions were only marginally reduced, the newly introduced land cover 
map provides more realistic reference for future land cover change studies. It is expected that 
land surface physical processes and land surface parameter values in the model could be 
developed further to make more improvements. Stefan Weiher made the technical 
implementation of the maps and simulations. I carried out the data analyses and prepared the 
manuscript with contributions from the other co-authors.  
 
Paper II discusses the biogeophysical impacts of peatland forestation on regional climate 
changes in Finland. The differences between the climate conditions simulated by REMO 
using the land cover maps based on pre-drainage (1920s) and after-drainage (2000s) Finnish 
National Forest Inventories (FNFI) were analysed. Peatland forestation led to a spring 
warming that was mainly induced by the decreased albedo, whereas a slight cooling was 
found in the growing season mostly due to the increased evapotranspiration (ET). As a 
consequence of the spring warming effect, the snow clearance days in peatland forestation 
areas were advanced. The extents of these climate effects are closely related to the intensity 
and geological locations of peatland forestation. In addition, the modelled results are 
qualitatively supported by the observational data. Dr. Henttonen prepared the FNFI land cover 
maps for this study from the FNFI field measurement data. I implemented the FNFI maps into 
REMO and performed the simulations. I analysed the results and prepared the manuscript 
with contribution from the other co-authors.  
 
Paper III investigates the performance of a set of drought indicators for their ability in 
indicating summer drought in boreal forests in Finland. In particular, the forest health 
observation data, which showed severe drought damage on forest due to the Extreme Drought 
affecting Forest health (EDF) in 2006 in Finland, were used as a reference to determine the 
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EDF thresholds of those drought indicators. The soil moisture index SMI was found to be the 
best in indicating EDF in boreal forests, because of high initial soil moisture values in the 
beginning of summer and the existence of deep organic soil that less prone to drought. Thus, 
it is important for the assessment of drought risks in the future, especially in boreal areas, that 
a land surface model capable of reliable predictions of soil moisture and high-quality soil type 
distribution are used, in addition to climate data. Dr. Markkanen and Dr. Thum provided the 
JSBACH simulated soil moisture data for this study. I carried out the calculation of the 
drought indicators. I analysed the results and prepared the manuscript with contributions from 
the other co-authors. 
 
Paper IV studies the response of water use efficiency to summer drought in boreal Scots pine 
forests in Finland at daily time scales, mainly using ecosystem flux data measured by EC 
technique. In addition, the JSBACH simulation results were evaluated against observed 
results at two Scots pine forest sites in southern and northern Finland. Results showed that the 
gross primary production (GPP) and ET were greatly decreased during a severe soil moisture 
drought. The inherent water use efficiency (IWUE) is more appropriate than the ecosystem 
water use efficiency (EWUE) for indicating the impacts on ecosystem functioning from 
drought through the exclusion of the vapour pressure deficit (VPD) effect on ET. The 
JSBACH model successfully captured the soil moisture drought limitation on stomatal 
conductance. However, in order to adequately simulate the effects of drought on plant 
functioning, the limitation caused by atmospheric drought has to be incorporated. Ecosystem 
flux data were provided by Dr. Aurela and Dr. Mammarella. I carried out the data analyses 
and prepared the manuscript with contributions from the other co-authors. 
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6. Concluding remarks 
The motivation of this thesis was to gain insights into the interactions between the land 
surface, forests and regional climate in the boreal zone. Specifically, the effect of peatland 
forestation on regional climate conditions, indication of summer drought that affects boreal 
forest health, and the response of ecosystem functioning to summer drought in boreal Scots 
pine forest were studied. Those studies encompassed a wide range of processes related to the 
energy, water and carbon cycles (Fig. 9).  
 
Figure 9: Relationships between the four articles in this thesis.  
 
This work utilised land surface and regional climate modelling approaches alongside various 
observational data. The main conclusions of this thesis are the following:  

1) For the investigation of the biogeophysical impacts of peatland forestation on regional 
climate conditions in Finland using the regional climate model REMO (Paper II), it was 
found that peatland forestation can induce a warming effect in spring due to decreased surface 
albedo, and a slight cooling effect in the growing season because of increased ET. As a 
consequence of the warmer temperature in spring, the snow clearance day was advanced. No 
clear signal was found for precipitation. The extent and timing of those climate effects 
	   43 
 
depended on the intensity and location of the peatland forestation. In the most intensive 
peatland forestation area, a warming of up to 0.43 K in spring and a cooling of less than 0.1 K 
in the growing season in 2-m air temperature were observed, and the snow clearance day was 
advanced by up to 5 days. In particular, the modelled warming effect in spring was in good 
agreement qualitatively with the temperature trends of March and April calculated with 
40-year observational data.  
 
2) The soil moisture index SMI was the most capable among the assessed drought indicators 
in capturing the spatial extent of observed forest damage induced by the extreme drought in 
2006 in Finland (Paper III). This is because the high initial soil moisture content or the 
existence of peat in boreal forests in Finland often hinders the standardized indicators (SPI, 
SPEI and SMA) to capture drought that indicated by the SMI. Thus, in order to assess the 
drought risks in boreal areas in the future, a land surface model capable of reliable prediction 
of soil moisture is needed. Unbiased meteorological data are also important as a model 
forcing. 
 
3) According to ecosystem flux data, GPP and ET were greatly suppressed during a severe 
soil moisture drought (Paper IV). The decrease of ET was alleviated because of the increased 
VPD during drought, and led to a decrease of EWUE despite a stronger decrease of surface 
conductance at the ecosystem level than GPP. IWUE increased during a moderate drought at 
the northern site and a severe drought at the southern site. This indicates that the southern site 
had a weaker response to drought than the northern site. From those results, we conclude that 
IWUE is more appropriate than EWUE in indicating the impacts of drought on ecosystem 
functioning, through the exclusion of the VPD effect on ET. 
 
4) With the implementation of a more accurate, up-to-date and high resolution land cover map 
into REMO to replace the inaccurate default land cover map over the Fennoscandian domain 
(Paper I), we found that biases from REMO simulations of the present-day climate were only 
slightly reduced. This would indicate that improvements in the model performance could be 
achieved with better descriptions of the land surface physical processes and more accurate 
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land surface parameter values. Small-scale spatial climate variability related to historical land 
cover changes have been investigated using REMO due to its high spatial resolution (Paper 
II). Regional soil moisture used in the calculation of the soil moisture index SMI was 
produced by the land surface model JSBACH with its 5-layer soil hydrology scheme in Paper 
III. In the future, high quality soil type distributions and soil parameters are of vital 
importance to improve the accuracy of simulated regional soil moisture. The soil hydrology 
scheme could be further developed by incorporation of soil type heterogeneity in a gridbox 
and along the soil profile. Furthermore, realistic simulations of plant functioning are needed to 
understand and project feedbacks between climate change and plant physiological responses. 
Plant controls of stomatal conductance, photosynthesis and transpiration under water stress in 
boreal Scots pine forests were simulated by JSBACH in Paper IV, and the modelled results 
were compared with the EC observations. The results showed that JSBACH successfully 
reflected the soil moisture drought limitations on stomatal conductance. However, the 
combined effects from atmospheric drought and soil moisture drought has to be taken into 
account in the model to adequately simulate the drought effects on plant functioning. In 
addition, the non-stomatal limitations on photosynthesis during drought, such as reduced 
carboxylation capacity and mesophyll conductance, may also lead to improvements in model 
performance.  
 
Information from regional studies is essential for the development of future strategies for 
climate change mitigation or forest management. The topics that could benefit from this study 
are diverse. For example, future drought prediction under high resolution climate projections; 
the relationship between drought impacts on forest health and productivity or bioenergy. 
Moreover, the feedbacks relevant to this study should be explored. For instance, peatland 
forestation may lead to changes in soil properties and soil hydrology, which can influence 
regional soil moisture distribution and also drought; changes in climate can also stimulate 
land cover change, such as the projected forestation of tundra at high latitudes.  
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Regional climate models provide an effective way to study the effects of land use changes 
on regional climate conditions. A precise land cover map is a precondition for land use 
change studies. We introduce a more realistic high-resolution land cover map, CORINE 
Land Cover (CLC), to replace the Global Land Cover Characteristics Database (GLCCD), 
which is used as a standard land cover map in the regional climate model REMO. In 
this study, present-day climate simulations over northern Europe are performed by using 
REMO at 18-km resolution with both CLC and GLCCD. Simulated maximum and mini-
mum 2-m air temperatures, diurnal temperature range and precipitation are assessed with 
the observation-based E-OBS data. The updated CLC enhances the realism of the descrip-
tion of present-day land surface. However, biases from simulated climate conditions to 
observations are only marginally reduced while more improvements are expected to be 
achieved by further developments in model physics.
Introduction
Until now, no climate model simulation has been 
carried out for Fennoscandia to study local and 
regional effects of land cover changes during 
the 20th century on climate. A prerequisite for 
land cover change studies is to use the best 
information on land cover that is available. The 
Global Land Cover Characteristics Database 
(GLCCD; U.S. Geological Survey 2001) land 
cover map was originally chosen for REMO 
to be a consistent global dataset. However, the 
GLCCD land cover map is about 20 years old 
and lacks accuracy over Finland for present-day 
climate simulations. For instance, the fraction of 
peatland in Finland is severely underestimated 
as 0%, which contrasts with the 8.2% in the 
10th (2004–2008) national forest inventory; also 
Deciduous Conifer Forest, a vegetation type in 
GLCCD, appears in a large area around Oulu 
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in middle Finland in GLCCD, which is incor-
rect. Instead, there are peatlands in the same 
area in CORINE Land Cover (CLC; European 
Environment Agency 2007); moreover, it is also 
unrealistic that Narrow Conifers in GLCCD is 
the dominant vegetation type in the lake area 
in southern Finland. The real situation is that 
Conifer Boreal Forest and Mixed Forest prevail 
around lakes in Finland, as is the case in CLC.
The land surface parameters, such as albedo, 
roughness length, leaf area index (LAI), which 
are related to land cover types, affect regional 
climate conditions (Pielke et al. 1998, Nobre 
et al. 2004, Gálos et al. 2011). Surface albedo 
determines how much incoming net surface solar 
radiation will be reflected back from the land 
surface. Near-surface wind speed and air tur-
bulences are influenced by surface roughness 
length, which impacts the exchange of moisture, 
heat energy and momentum between the surface 
of earth and the atmosphere (Sud et al. 1996, 
Göttel et al. 2008, Bathiany et al. 2010). LAI 
and other vegetation characteristics, for example 
root depth, influence evapotranspiration (ET) 
(Nobre et al. 2004). Finally, the trends in climate 
conditions are results of integrations of those 
non-linear interactions and the initial climate 
(Pitman et al. 2004).
These biogeophysical effects of land cover 
change in boreal area were recently investigated 
at stand scale by measurements and at the global 
scale by models (Bala et al. 2007, Betts and Ball 
1997, Bathiany et al. 2010). A decrease in the 
local nighttime minimum temperature during the 
growing season was observed roughly for the first 
15 years after the drainage for forestation in Fin-
land (Solantie 1994). The reason for this nocturnal 
cooling phenomenon is that the dry peat insulates 
the lower soil layers from the atmosphere. There-
fore, the heat flux from a drained peat soil cannot 
compensate the radiative cooling at the surface 
which leads to a drop in minimum temperatures 
(Venäläinen et al. 1999). On a longer time scale, 
the growing forest on formerly open peatlands 
leads to a decrease in albedo. That is because 
of the tree cover which is darker in compari-
son with the grass cover which is lighter during 
snow-free periods, and the partial snow cover in 
forested areas as compared with the full snow 
cover in open areas during snow-cover periods. 
This increases daily maximum temperatures due 
to an increase in the absorption of short-wave 
radiation (Solantie 1994). A consistent result was 
found by Lohila et al. (2010) based on measure-
ments at different drained and undrained peatland 
sites. Their results show an increase in the April 
diurnal temperature range (DTR) due to a greater 
increase in maximum, than in minimum tempera-
tures, possibly as a result of the change in surface 
radiative properties after drainage. By means of 
an earth system model, Bathiany et al. (2010) also 
found that afforestation in boreal areas leads to 
an increase in maximum surface temperature in 
spring due to albedo changes, and a small increase 
in annual mean cloud cover, as well as changes in 
atmospheric circulation due to changes in wind 
speed and direction. Similarly, Betts (2001) and 
Bala et al. (2007) found that forestation in north-
ern latitudes increases the surface temperatures 
because the albedo-induced warming typically 
exceeds the cooling due to the changes in ET and 
carbon uptake by forests.
In this study, we improved the land use clas-
sification over northern Europe in REMO by 
implementing a more recent dataset of much 
higher resolution — CLC. In order to get a 
clear picture of how much the new classifica-
tion affects the simulation results, we simulated 
the present-day climate over Fennoscandia. The 
sensitivity of REMO to two different land cover 
datasets, the outdated and the new one, were 
analysed based on two decadal model runs by 
concentrating on near-surface meteorological 
variables and land-atmosphere interactions. Fur-
thermore, the observation-based E-OBS data are 
used as a reference for the simulated maximum 
and minimum 2-m air temperatures, DTR, as 
well as precipitation. Similar approaches dem-
onstrated improvements in near-surface tempera-
tures (Yucel 2006, Sertel et al. 2010) and signifi-
cant impacts on local flow patterns (Cheng and 
Byun 2008). The main goal of this work is to 
implement a more realistic land use classifica-
tion map in REMO as a basis for future model-
ling studies. Only then, regional climate effects 
of past wetland forestation and of potential forest 
management strategies in Finland can be ana-
lysed with better certainty.
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Model description and surface 
parameter fields
The regional climate model REMO
The regional climate model REMO applied in 
this study is a three-dimensional hydrostatic 
atmospheric circulation model. It was developed 
at the Max-Planck-Institute for Meteorology in 
Hamburg, Germany. Its dynamical core is based 
on the former numerical weather prediction 
model Europa-Modell of the German Weather 
Service (Majewski 1991). The physical param-
eterization in REMO follows that of the atmos-
pheric general circulation model ECHAM4 
(Roeckner et al. 1996), although many physi-
cal packages are updated from later version 
of ECHAM, and adapted to higher resolution. 
Prognostic variables are surface pressure, tem-
perature, horizontal wind components, specific 
humidity and cloud liquid water and ice. REMO 
operates on a rotated horizontal-spherical grid in 
order to avoid numerical problems caused by the 
convergence of meridians. Vertically, a hybrid 
sigma-pressure coordinate system is employed, 
with the model levels following the terrain near 
the surface, and progressively approaching pure 
pressure levels with increasing height. In the 
eight outermost grid boxes at each lateral bound-
ary, the sponge zone, REMO is relaxed toward 
the larger scale forcing data with exponentially 
decreasing influence toward the centre of the 
domain according to the relaxation scheme of 
Davies (1976). More detailed information on 
model characteristics can be obtained from Jacob 
and Podzun (1997), Jacob (2001) and Jacob et 
al. (2001).
The following gives an overview of the 
land surface scheme (LSS) used in REMO with 
respect to the objectives of this study. According 
to the so-called tile approach, implemented in 
REMO by Semmler et al. (2004), the total sur-
face of each grid box is divided into fractions of 
land, water and sea ice. Land is further split into 
fractions of vegetation cover and bare soil. Sur-
face parameters are then calculated separately 
for each fraction of a grid box and afterwards 
averaged with their respective areas as weights. 
Based on data describing the global spatial dis-
tribution of land cover types on the land surface, 
Hagemann et al. (1999) and Hagemann (2002) 
developed parameter values that are assigned to 
each vegetation type: background surface albedo 
(albedo over snow-free land areas), roughness 
length, fraction of green vegetation cover, LAI 
(ratio of one-sided leaf area to ground area), 
forest ratio (ratio of trees regardless of their pho-
tosynthetic activity), soil water holding capacity 
(maximum amount of water that plants may 
extract from the soil before wilting begins) and 
volumetric wilting point (percentage of mois-
ture in a soil column below which plants start to 
wilt).
LAI, fractional green vegetation cover and 
background surface albedo undergo pronounced 
seasonal variability. The intra-annual cycle of 
vegetation phenology without interannual vari-
ation was introduced to REMO by Hagemann 
(2002). Therein, the seasonal cycles of LAI and 
fractional green vegetation cover are derived 
from a monthly varying growth factor that deter-
mines the growth characteristics of the veg-
etation in conjunction with minimum and maxi-
mum values of LAI and fractional green veg-
etation cover referring to dormancy and growing 
season, respectively. The growth factor in turn 
is calculated from the fraction of photosyntheti-
cally active radiation for latitudes between 40°N 
and 40°S, and from a 2-m temperature clima-
tology (Legates and Willmott 1990) for higher 
latitudes. In REMO, the evaporation that takes 
place above the vegetation surface is related to 
the wet skin fraction, which describes the abil-
ity to store precipitation water and is calculated 
through the fractional green vegetation cover 
and LAI; however, when the wet skin is dry, 
LAI takes part in the calculation of stomatal 
resistance as a factor for the aim to get transpira-
tion amount (Preuschmann 2012). Background 
surface albedo is a function of monthly varying 
LAI. During the snow cover period, surface 
albedo is a function of snow albedo, background 
surface albedo and snow depth, in which snow 
albedo depends on snow surface temperature 
and forest ratio in REMO (Kotlarski 2007). In 
a later step, the seasonal cycle of surface albedo 
was improved (Rechid 2008, Rechid et al. 2009). 
They implemented an advanced parameteriza-
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tion of snow-free land surface albedo as a func-
tion of vegetation phenology. For this, they used 
MODIS satellite data from a period 2001–2004 
in order to derive global distributions of pure 
soil and vegetation albedo which in turn are used 
together with monthly varying LAI to compute 
annual background surface albedo cycles.
In addition, heat diffusion equations are 
solved for the five soil layers with a zero-heat-
flux condition applied at the bottom near ten 
meters depth. Heat conductivity and heat capac-
ity are dependent on the soil type (Kotlarski 
2007). Changes in the aggregate state of water 
within the soil, leading to release and absorp-
tion of latent heat, were introduced by Semmler 
(2002).
REMO’s soil hydrology is parameterized via 
water budget equations for three different res-
ervoirs: snow cover, skin reservoir (water by 
vegetation interception) and soil (Rechid 2009). A 
bucket-like soil moisture reservoir is filled by pre-
cipitation and snow melt and depleted via evapo-
ration from the upper ten centimetres of bare soil. 
From below, the soil water storage is emptied via 
transpiration from the vegetation and subsurface 
drainage. Surface runoff will occur in case the soil 
moisture content reaches saturation.
For a more detailed description of the LSS, 
the interested reader is referred to Kotlarski 
(2007) and Rechid (2009).
Study area and land cover data
Our study area focuses on Fennoscandia, with 
the modelling domain being centred around Fin-
land. The area encompasses a region of roughly 
52°–72°N and 4°–40°E. This region is charac-
terized by mostly flat land with model topogra-
phy not rising higher than 300 m (Fig. 1a). An 
exception to this is the Scandinavian mountain 
range, the Scandes, stretching along the border 
between Sweden and Norway. Furthermore, 
Fennoscandian countries are surrounded by the 
North Atlantic Ocean and the large water body 
of the Baltic Sea. Inland water fractions are also 
high, especially in southern and middle Finland 
as well as in parts of Russia that are near to the 
east of Finland (Fig. 1b).
For the derivation of the surface param-
eter fields in REMO, a description of the land 
cover is necessary. The standard global dataset 
of major ecosystem types employed in REMO is 
GLCCD, constructed according to classifications 
of Olson (1994a, 1994b). Based on AVHRR 
satellite data from a period covering April 1992 
to March 1993, the U.S. Geological Survey 
constructed a dataset displaying the global dis-
tribution of 78 Olson ecosystem types at 1-km 
horizontal resolution (Loveland et al. 2000). For 
in-depth information on the current GLCCD, see 
U.S. Geological Survey (2001).
Fig. 1. (a) orography, (b) inland water fraction, and (c) field capacity in the CLC surface library. The dashed frame 
in a shows the extent of the relaxation zone, i.e. the eight outer most grid boxes in each direction.
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In order to obtain a more accurate and up-
to-date representation of land cover for regional 
modelling purposes, CLC data on a European 
scale is used in this study. CLC has a horizontal 
resolution of 100 m and comprises 44 different 
land cover classes. Based on images from two sat-
ellites from a 2006 ± 1 year period measured with 
the HRVIR and LISS III instruments, a depiction 
of the current European vegetation coverage was 
derived (European Environment Agency 2007).
Because of the limited spatial extent of CLC 
data, the modelling domain is not entirely cov-
ered. CLC does not cover Russia and Belarus, 
and for this part of the model domain, GLCCD 
data are used in both simulations. No matter 
whether such a merging is needed or not, the 
problem of matching vegetation classes of both 
data sets lies at hand. In order to make use of the 
existing parameter allocations, corresponding to 
vegetation types in GLCCD, translations of the 
vegetation types between CLC and GLCCD were 
derived (Table 1). In a first approach the matching 
was performed by subjectively comparing defini-
tions and photographs given in EIONET (http://
sia.eionet.europa.eu/CLC2000/classes) and Olson 
(1994a) for CLC and GLCCD, respectively. For 
some classes finding an appropriate analogue 
was rather straightforward: for example match-
ing Broad-leaved Forest, Coniferous Forest and 
Mixed Forest from CLC with Cool Broadleaved 
Forest, Conifer Boreal Forest and Cool Mixed 
Forest from GLCCD, respectively. However, for 
some classes, e.g. Transitional Woodland/Shrub, a 
similar GLCCD class was not obvious. Despite a 
certain degree of subjectiveness, we consider this 
translation method to be appropriate in this study.
To depict changes in the spatial distribution 
of land cover types when employing CLC, simi-
lar classes were joined together in groups accord-
ing to the land cover classification in GLCCD: 
(1) Forests (Conifer Boreal Forest, Cool Mixed 
Forest, Cool Broadleaved Forest and Deciduous 
Conifer Forest), (2) Wetlands (‘Mire, Bog, Fen’ 
and Marsh Wetlands), (3) Barren lands (Barren 
Tundra and Polar Alpine Desert), (4) Agricul-
tural areas (‘Cool Grasses and Shrubs’, ‘Cool 
Fields and Woods’, ‘Grass Crops’ and ‘Crops, 
Grass, Shrubs’) and (5) Inland water. The dif-
ferences between the two land cover maps are 
displayed for each group (Fig. 2) and changes 
Fig. 2. changes (%) 
[(clc – GlccD) ¥ 100%/
GlccD] in fractional cov-
erage for the land cover 
groups: (a) forests, (b) 
wetlands, (c) barren lands, 
(d) agricultural areas, and 
(e) inland water.
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Table 1. vegetation types of clc and their translations into GlccD classes.
 clc types  GlccD types
Artificial areas
01 continuous urban fabric 01 Urban
02 Discontinuous urban fabric 30 cool crops and towns
03 industrial or commercial units 01 Urban
04 road and rail networks and associated land 01 Urban
05 Port areas 01 Urban
06 airports 30 cool crops and towns
07 mineral extraction sites 01 Urban
08 Dump sites 01 Urban
09 construction sites 01 Urban
10 Green urban areas 25 cool broadleaved forest
11 sport and leisure facilities 30 cool crops and towns
  agricultural areas  
12 non-irrigated arable land 93 Grass crops
13 Permanently irrigated land* – –
14 Rice fields* – –
15 vineyard* – –
16 Fruit trees and berry plantations 94 crops, grass, shrubs
17 olive groves* – –
18 Pastures 40 cool grasses and shrubs
19 annual crops associated with permanent crops* – –
20 complex cultivation patterns 93 Grass crops
21 Land principally occupied by agriculture, 55 Cool fields and woods
 with significant areas of natural vegetation
22 agro-forestry areas* – –
Forest and semi-natural areas
23 Broadleaved forest 25 cool broadleaved forest
24 coniferous forest 21 conifer boreal forest
25 mixed forest 23 cool mixed forest
26 natural grassland 42 cold grassland
27 moors and heathland 64 heath scrub
28 sclerophylous vegetation 64 heath scrub
29 transitional woodland/shrub 62 narrow conifers
30 Beaches, dunes and sand plains 50 sand deserts
31 Bare rock 69 Polar alpine desert
32 sparsely vegetated areas 53 Barren tundra
33 Burnt areas** 21 conifer boreal forest
34 Glaciers and perpetual snow 12 Glacier ice
Wetlands  
35 inland marshes 45 marsh wetland
36 Peatbogs 44 mire, bog, fen
37 salt marshes 45 marsh wetland
38 salines* – –
39 Intertidal flats  50 Sand deserts
Waterbodies  
40 Water courses 14 inland water
41 Water bodies 14 inland water
42 coastal lagoons 14 inland water
43 estuaries 14 inland water
44 sea and ocean 15 sea water
* clc classes that do not exist in the modelling domain used in this study.
** there is no appropriate analogue for Burnt areas in GlccD. Because this type mostly occurs in sweden it was 
decided to preliminarily translate it to a forest type, conifer Boreal Forest, which is most common in this area.
in fractional coverage (excluding sea water grid 
points) are summarized (Table 2). In most parts 
of Finland and Sweden, the coverage with forest 
types (Fig. 2a) is higher in GLCCD than that 
in CLC, which is mostly due to a decrease in 
the extent of Conifer Boreal Forest in CLC and 
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the misrepresentation of peatlands as Deciduous 
Conifer Forest in middle Finland in GLCCD (not 
shown). On the other hand, the representation 
of Cool Broadleaved Forest in northern Finland 
and Norway and the occurrence of Cool Mixed 
Forest in the Baltic States are higher in CLC. 
Wetlands (Fig. 2b) are vastly underrepresented 
in GLCCD in most of the area considered, lead-
ing to an increase of 2.7%. The percentage of 
Barren lands (Fig. 2c) is higher by 2.5% in CLC 
implying that sparsely- or non-vegetated regions 
are actually more vegetated in GLCCD. Also, in 
CLC the coverage of Agricultural areas (Fig. 2d) 
is higher than in GLCCD. The most prominent 
anomalies are located in southern Sweden and 
in Estonia, where forests take up more space 
in CLC. The higher resolution of CLC data 
allows for a better representation of small lakes 
(Fig. 2e), which are plentiful in Fennoscandia. 
However, this higher resolution is also respon-
sible for a more accurate description of the lake 
shores and thus their extent which, in compari-
son to GLCCD, leads to an overall decrease in 
the spatial coverage of Inland water by 0.6%. 
The decreases in lake fractions are most notice-
able in the lake area of southern Finland.
Development of surface parameter fields 
for REMO
The surface parameter fields of REMO are col-
lected into the so-called surface library which 
includes the following datasets: a topography 
map, a soil texture map, an annual mean veg-
etation albedo map, an annual mean soil albedo 
map, a map of growth factors, a land cover map 
and the parameter values assigned to each land 
cover type. For this study, two different sets of 
surface libraries were constructed due to the 
different land cover descriptions of CLC and 
GLCCD. While LAI, fractional green vegeta-
tion cover and background surface albedo have 
intra-annual cycles, all other fields are constant 
throughout a model simulation. The contents of a 
surface library are summarized (Table 3).
Orography and variance of the orography 
are derived from the U.S. Geological Survey’s 
GTOPO30 dataset (USGS GTOPO30) with 
a horizontal resolution of 30 arc seconds or 
approximately one kilometre. The distribution 
of soil texture types stems from Zobler (1986) 
and is based on soil data from FAO/UNESCO 
(1971–1981). These three parameter fields are 
the only fields that are identical for both surface 
libraries.
The land-sea mask is constructed according 
to the land-sea/lake distribution in the respec-
tive land cover maps. The forest ratio and the 
field capacity of soil are constructed by allo-
cating their respective parameter values to the 
land cover types in the resolution of the respec-
tive land cover map. In the next step, they are 
aggregated to the coarser REMO resolution by 
linearly averaging all values per REMO grid box 
weighted by the fractional area of each repre-
sented land cover type (Hagemann et al. 1999).
However, as described in Claussen et al. 
(1994), linear averaging is not valid for rough-
ness length. The aggregation of an average 
roughness length to a REMO grid box is done 
by logarithmically averaging land cover type 
specific drag coefficients at a so-called blend-
ing height. After Mason (1988), this is a certain 
height for turbulent flow above a heterogene-
ously vegetated surface at which the influences 
of individual surface patches on vertical profiles 
or fluxes become horizontally blended. REMO 
uses 100 meters as the standard blending height. 
The total roughness length as part of the sur-
Table 2. Fractional coverage (%) of specified land cover groups (CLC translated to GLCCD, see table 1) over land 
area, i.e. all grid points that are not entirely covered by sea water in the study domain. the change is calculated as 
clc – GlccD.
 Forests Wetlands Barren lands agricultural areas inland water rest
GlccD 38.5 0.1 1.5 9.1 6.7 44.1
clc 37.3 2.8 4.0 12.2 6.1 37.6
change –1.2 +2.7 +2.5 +3.1 –0.6 –6.5
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face parameter fields is calculated according to 
Tibaldi and Geleyn (1981) as the square root 
of the sum of the squares of roughness length 
due to variance of the orography and roughness 
length due to vegetation.
The field capacity is calculated based on the 
aggregation of plant-available soil water hold-
ing capacities and volumetric wilting points. 
An additional masking according to the spatial 
distribution of a certain soil type from the FAO/
UNESCO (1971–1981) data is applied: espe-
cially in northern and middle Finland, the field 
capacity is widely increased to values of 0.71 
m in both surface libraries used in this study 
(Fig. 1c). According to the FAO (http://www.fao.
org/ag/AGL/agll/prosoil/histo.htm), this area is 
associated with the soil type Histosol which is 
characterized, among other things, by its content 
of organic matter (peat) and wet soil conditions.
Subgrid-scale variability of soil water capaci-
ties within a model grid box is accounted for 
by an improved surface runoff parameterization 
scheme (Hagemann and Gates 2003) based on 
the Arno scheme developed by Dümenil and 
Todini (1992). The resulting surface parameter 
fields in this respect are denoted b, Wmin and 
Wmax. In the improved scheme the shape parame-
ter b does not depend anymore solely on subgrid 
topographic variability but also on soil water 
capacity heterogeneity with regard to soil type 
and vegetation. Wmin and Wmax are the subgrid 
minimum and maximum, respectively, soil water 
capacities. These three parameters are calculated 
for a subgrid scale of 1/10 of the REMO hori-
zontal resolution.
The seasonal cycles of background surface 
albedo, LAI and fractional green vegetation 
cover for each vegetation type are aggregated to 
the REMO grid by linear averaging. For Conifer 
Boreal Forest, the fractional green vegetation 
cover in the dormancy and growing seasons and 
the forest ratio are given in Hagemann (2002) 
to be 0.52, 0.52 and 0.46, respectively. In the 
simulation based on GLCCD in this study, for 
Fennoscandia these values are increased to the 
values proposed by Claussen et al. (1994), i.e. 
0.91, 0.91 and 0.8, respectively. In the case of 
CLC, however, the values are set to those given 
in Hagemann (2002) because they compare better 
to measurements and analyses by the Finnish 
Environment Institute (P. Härmä, Finnish Envi-
ronment Institute, and S. Hagemann, MPI for 
Meteorology, pers. comm.). It is assumed that 
this also holds for Conifer Boreal Forest in parts 
of the modelling domain outside Finland.
Generally, most of the CLC surface library 
fields only differ with GLCCD surface library 
fields in regions where CLC data is available. 
Exceptions are the identical fields and those 
affected by the described changes regarding 
Conifer Boreal Forest.
Experiment setup and evaluation 
data
Experiment setup
In order to study the sensitivity of REMO to 
two different sets of surface parameter fields, 
two decadal model runs were performed with 
REMO. The runs were forced every six hours 
by meteorological boundary data from ECMWF 
ERA-Interim reanalysis data (Simmons et al. 
2007). Sea surface temperature and sea ice dis-
Table 3. Surface parameter fields that are used in 
remo, either constant in time or as annual cycles.
 Parameter (unit)
identical for both
surface-parameter fields
(constant in time)
1 orography (m)
2 variance of the orography (m2)
3 soil texture types
Different for both
surface-parameter fields
(constant in time)
4 land sea mask
5 total roughness length (m)
6 Forest ratio
7 Field capacity of soil (m)
8 b
9 Wmin (m)
10 Wmax (m)
Different for both
surface-parameter fields
(annual cycles)
11 Background surface albedo
 (i.e. surface albedo over snow free area)
12 Fractional green vegetation cover
13 leaf area index
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tribution were taken from ERA-Interim as well. 
The initial conditions for the REMO runs and 
the greenhouse gas concentrations were identi-
cal. The modelled period encompasses 1 January 
2000 until 31 December 2009 for a domain cov-
ering Fennoscandia (Fig. 1). The horizontal reso-
lution for the grid, consisting of 109 ¥ 121 grid 
boxes, is 0.167° which is approximately 18 km. 
In the vertical, 27 atmospheric layers are used 
reaching about 25 km at the centre of the top 
atmospheric layer with a top-of-the-atmosphere 
pressure of 0 hPa. To derive the uncertainties 
from internal model variability requires ensem-
ble model simulations, but we consider that the 
uncertainties from internal model variability of 
the model runs is low in this study because the 
size of model domain is small and the influence 
from lateral boundary forcing is strong (Aldrian 
et al. 2004).
In both model runs, surface and soil fields 
(soil, snow and surface temperatures, specific 
humidity, soil wetness, snow depth and skin res-
ervoir content) were initialized by using the cor-
responding fields from a 0.44° REMO model 
simulation started in 1989 and covering the whole 
European area interpolated to the finer resolu-
tion. Because of this warm start, soil heat fluxes 
were expected to be in a near-equilibrium state 
which should minimize effects on simulated sur-
face temperatures and surface fluxes. However, 
looking at the temporal evolution of monthly 
area mean temperatures in all five soil layers, the 
lowest two soil layers did not reach an equilib-
rium state in some areas until the end of the simu-
lation. This means that there is still a heat flux into 
the soil throughout the model run. Because this 
affects both model runs to a similar degree and the 
influence of the deep-soil temperature on the sur-
face soil temperature is expected to be small, we 
consider this to be an acceptable initialization in 
this study. The first simulated year was excluded 
from the analysis to allow for the model to adapt 
to the individual atmosphere and soil conditions 
according to the different surface parameter fields. 
Therefore, all following results are only based on 
the nine-year period of 2001–2009.
For simplicity the REMO model run based 
on GLCCD land cover will be referred to as 
GLCCDsim and the model run that used CLC will 
be called CLCsim from here on.
Evaluation data
For comparison of simulation results with obser-
vations, the E-OBS dataset (version 7.0; http:// 
www.ecad.eu/download/ensembles/download.
php) on a 0.22° rotated grid is applied. E-OBS 
is used for evaluating mean monthly/seasonal 
precipitation as well as mean monthly/seasonal 
2-m air temperature and DTR. The latter is com-
puted as daily maximum minus daily minimum 
2-m air temperature. According to Haylock et al. 
(2008) the maximum (minimum) 2-m air tem-
perature for a specific day is the maximum (min-
imum) 2-m air temperature measured within the 
24-hour period preceding 1800 UTC of that day. 
To be consistent with observation data the same 
period is used for model output data. When com-
puting temperature differences between model 
output and E-OBS data, the simulated tempera-
ture is height-corrected to the E-OBS orography 
by assuming a constant tropospheric lapse rate of 
0.0064 K m–1. Afterwards, the height-corrected 
temperature data is bicubically interpolated to 
the E-OBS grid, neglecting the REMO relaxa-
tion zone. Simulated precipitation is conserv-
atively remapped to the E-OBS grid without 
taking orography differences into account.
Multi-year monthly means are computed for 
the period of 1 January 2001 to 31 December 
2009. In contrast, multi-year seasonal means 
use model output and evaluation data from the 
period of 1 December 2000 to 30 November 
2009, thus taking whole winter seasons into 
account for a nine-year average. The dormancy 
season in the Northern Europe domain refers to 
the months from November to April, while the 
growing season is from May to October.
Results and discussion
Differences between selected surface 
parameter fields
Differences in surface parameter fields are 
shown (Fig. 3) for surface library fields without 
intra-annual cycle: total roughness length, forest 
ratio and field capacity. To better depict changes 
in the seasonal cycles of background surface 
albedo, LAI and fractional green vegetation 
270 Gao et al. • Boreal env. res. vol. 20
cover, monthly and seasonal means are displayed 
for these parameters (Fig. 4).
Changes in total roughness length (Fig. 3a) 
are only due to changes in land cover since the 
underlying orography is identical for both librar-
ies. The change in domain averaged roughness 
length is –9.73% when employing CLC instead 
of GLCCD. This is mostly due to changes in 
the fractional coverage of forests: in large parts 
of Sweden and Finland, Conifer Boreal Forest 
is partly exchanged with Narrow Conifers and 
Wetlands which both have much lower rough-
ness lengths. In contrast, in the lake area of 
southern Finland, forests are more prominent in 
CLC and thus lead to an increase of roughness 
length there.
The differences in forest ratio (Fig. 3b) are 
dominated mainly by changes in forest cover-
age, resulting in an overall change of –24.10%. 
Especially in Finland, the differences are not as 
high as in Sweden because of two counter acting 
effects: firstly, a decreased fractional coverage of 
Conifer Boreal Forest together with a decreased 
parameter value of forest ratio of it from 0.8 to 
0.46; secondly, an increased coverage of Cool 
Broadleaved Forest and Cool Mixed Forest 
which has forest ratio of about double of that of 
Conifer Boreal Forest. Moreover, the forest ratio 
is higher in the lake area of southern Finland and 
in parts of Estonia and Latvia in the CLC-based 
library due to a higher fraction of forests instead 
of agricultural vegetation types. Although there is 
no CLC data available for Russia, the forest ratio 
in the Russian part of the modelling domain is 
nevertheless influenced by the adjustment of the 
parameter value of forest ratio for Conifer Boreal 
Forest, which leads to a decrease in this region.
The overall change of field capacity with 
respect to GLCCD is –6.16%, which is –13 mm 
by averaging over the whole model domain. 
Field capacity differences (Fig. 3c) are most 
pronounced over the Scandinavian mountain 
range as well as parts of southern Sweden and 
northern Estonia and Latvia, with lower values 
in the CLC-based library. Because of a higher 
fractional cover of bare and sparsely vegetated 
areas of the Scandes in CLC, the field capacity 
is accordingly lower. The much lower values are 
presented in the very south of Sweden and the 
north of Baltic States. It is because the GLCCD 
type ‘Crops, Grass, Shrubs’ with plant-available 
soil water holding capacities of 490 mm and 
volumetric wilting point of 465 mm is mainly 
replaced by CLC forest types which have much 
lower plant-available water holding capacities 
but a similar volumetric wilting point. In con-
trast, the field capacity is higher in the part with 
increased agriculture area in Sweden and Finland 
Fig. 3. Percentage changes [(clc – GlccD) ¥ 100%/GLCCD] for surface library fields without intra-annual cycle: 
(a) total roughness length, (b) forest ratio, and (c) field capacity.
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(Fig. 2d). In parts of northern and middle Fin-
land, the field fields do not differ at all because 
of the same masking value is applied regardless 
of the underlying land cover (Fig. 1c).
The seasonal cycles of fractional green veg-
etation cover and LAI demonstrate the long dor-
mancy period of vegetation which is about half 
a year in northern European latitudes (Fig. 4). 
Differences in the growing season are less pro-
nounced than that during the dormancy season. 
The main reasons for this are twofold: firstly, 
the fractional cover with Conifer Boreal Forest 
decreases, making room for deciduous vegeta-
tion types having smaller fractional green veg-
etation cover in winter. During summer, how-
ever, a higher fractional coverage of deciduous 
species, e.g. Cool Broadleaved Forest and Cool 
Mixed Forest in CLC, leads to a smaller differ-
ence in monthly mean fractional green vegeta-
tion ratio and in LAI; secondly, Conifer Boreal 
Forest is affected by a decreased parameter value 
of fractional green vegetation cover from 0.91 to 
0.52 leading to a further decrease in vegetation 
fraction, which also happens in parts of Russia. 
Smaller patches of increases of fractional green 
vegetation cover and LAI in CLC are attributed 
to increases in forest coverage instead of agricul-
tural or shrub areas (e.g. Baltic states and south-
ern Sweden), or are associated with increased 
scrub vegetation in an otherwise sparsely or 
non-vegetated region (e.g. in some parts of the 
Scandes).
Because the seasonal cycle of LAI is taken 
into account in computing seasonal variability 
Fig. 4. Differences between surface library fields with intra-annual cycle: background surface albedo (upper row), 
fractional green vegetation cover (middle row) and leaf area index (lower row). the four rightmost columns show 
the spatial distribution of percentage changes [(clc – GlccD) ¥ 100%/GlccD] of seasonal averages for all four 
seasons: spring (mam), summer (JJa), autumn (son) and winter (DJF). the leftmost column shows the seasonal 
cycles of the respective parameters averaged over all land grid points of the domain (as shown to the right) for the 
two surface libraries GlccD (solid line) and clc (dashed line).
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of background surface albedo (Fig. 4), the back-
ground surface albedo increases in places where 
LAI in CLC is higher than that in GLCCD. In 
contrast, the background surface albedo in wet-
land, agricultural and sparsely vegetated areas, 
such as northern Finland, Lithuania and south-
ern Norway, is lower in the CLC-based surface 
library. However, it has to be kept in mind 
that differences between winter and summer 
are small for the snow-free background sur-
face albedo while they become much more pro-
nounced in the presence of snow.
Two-meter air temperature and 
precipitation
temperature
In general, the 2-m air temperatures in the two 
simulations show similar biases (Fig. 5). The 
simulated daily maximum 2-m air temperature 
(Tmax,2m) over land indicate cold biases compared 
to the E-OBS data throughout the domain with 
the exception of the positive biases of 1–2 K in 
Scandinavian mountains in winter. Additionally, 
the simulated daily minimum 2-m air tempera-
ture (Tmin,2m) over land presents warm biases of 
Fig. 5. (a) multi-year sea-
sonal mean differences 
(remo – e-oBs) of daily 
maximum 2-m air temper-
ature (K) in GlccD simu-
lation (upper row) and in 
clc simulation (lower 
row). (b) as upper panel 
but for daily minimum 2-m 
air temperature (K).
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1–4 K in summer and autumn in most areas of 
the model domain, whereas during spring and 
winter the geographical differences are more 
pronounced showing the cold biases over Russia 
and the Baltic countries and warm biases over 
Sweden. The underestimation of Tmin,2m in middle 
to north of Finland seems to originate from the 
cold bias above Russia which is more than –5 
K in winter. Similar cold biases are also found 
in eastern Europe for Tmean,2m in REMO simula-
tions in comparison to observation data from the 
Climate Research Unit (CRU; http://www.cru.
uea.ac.uk) but the reason for this is still unclear 
(Pietikäinen et al. 2012).
Several extraordinary spots which appear in 
these difference maps of both daily Tmax,2m and 
daily Tmin,2m are mostly recognized as inland 
lakes, such as Lake Inari in northern Finland, 
Lake Orebro in southern Sweden and Lake 
Ladoga and Lake Onega in Russia. These anom-
alies are caused by the fact that REMO uses 
the nearest sea surface temperatures as the lake 
surface temperatures: Baltic Sea in the case of 
the two big lakes in Russia and lakes in southern 
Sweden and southern Finland, and the Arctic sea 
in the case of Lake Inari. The lakes in Finland 
and Sweden are relatively small and shallow, 
thus the daily and seasonal surface tempera-
ture changes above those lakes are damped and 
delayed in REMO simulations as compared with 
E-OBS data. The too high lake surface tempera-
tures in both Tmax,2m and Tmin,2m of Lake Inari and 
Lake Orebro in winter can be observed, how-
ever, the Tmax,2m is too low but Tmin,2m is too high 
above those lakes in other seasons in the REMO 
simulations as compared with E-OBS. The fea-
tures of the surface temperature of the two lakes 
in Russia should be more similar to those of the 
Baltic Sea because these two lakes are large and 
also the Baltic Sea is almost a closed basin. Nev-
ertheless, large anomalies can still be seen above 
these two lakes especially for Tmax,2m. The reason 
for this may be that the gridded E-OBS tempera-
ture data is derived from land stations only and 
that temperatures of those lake grid points, espe-
cially for such big lakes as Ladoga and Onega, 
might not be well captured by the used interpola-
tion algorithm.
The widespread underestimation of Tmax,2m 
and overestimation of Tmin,2m causes a too low 
DTR in all seasons (Fig. 6). Compared with 
other seasons, winter is the season that the mod-
elled DTR matches best with the DTR pattern of 
E-OBS in magnitude, especially the high winter 
DTR in Lapland. The reasons can be attrib-
uted to two phenomena: firstly, advection of 
much warmer or much colder air from the North 
Atlantic within a day’s time; secondly, large 
temperature drops can occur in case of sudden 
changes from cloudy to cloudless conditions. 
High amplitudes of DTRs can be seen in the 
area east of the Scandes to the west of Finland. 
Foehn effect is most likely to be the main reason 
for this. Besides, the drained peatlands where 
forestation did not succeed in western Finland 
should present bigger DTRs because no trees can 
counteract the effects caused by the changes in 
soil properties (Venäläinen et al. 1999). Moreo-
ver, the DTRs of lake surface temperatures are 
clearly smaller than the DTRs in surrounding 
land areas.
In general, the differences in surface tem-
perature between the CLCsim and GLCCDsim are 
difficult to judge gridpoint-wise. According to 
the monthly areal averaged differences (REMO 
– E-OBS) (Fig. 7a), the daily Tmax,2m and daily 
Tmin,2m in CLCsim show an improvement in Tmax,2m, 
but also an increased overestimation of Tmin,2m in 
the growing season. In the dormancy season, the 
monthly areal averaged daily Tmax,2m and Tmin,2m 
in CLCsim are lower than those in GLCCDsim. 
This leads to increased underestimations for both 
Tmax,2m and Tmin,2m in REMO, except for the Tmin,2m 
in November which is originally overestimated. 
The DTR is slightly improved in CLCsim by 
less than 0.2 K, mainly in the growing season 
(Fig. 7b).
Precipitation
Overall, the precipitation amount and spatial var-
iability in both simulations are higher than those 
in E-OBS throughout the year (Fig. 8). On one 
hand, the precipitation amount could be partly 
overestimated in REMO which is for example 
investigated in an earlier study by Kotlarski et al. 
(2005), who found an overestimation of precipi-
tation in central Europe during winter. It is sug-
gested that the overestimation of winter precipita-
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Fig. 6. nine-year sea-
sonal mean diurnal tem-
perature ranges (K) in 
e-oBs (top), and the 
differences (remo – 
e-oBs) in GlccD simu-
lation (middle) and in clc 
simulation (bottom).
Fig. 7. (a) area averaged monthly differences (remo – e-oBs) for daily maximum 2-m air temperature (black) 
and daily minimum 2-m air temperature (red) in GlccD (solid) simulation and in clc simulation (dashed). (b) area 
averaged monthly mean diurnal temperature ranges in GlccD simulation (solid), in clc simulation (dashed) and 
in e-oBs (dotted).
tion is strongly dependent on the boundary forc-
ing (Jacob et al. 2007, Feldmann et al. 2008). On 
the other hand, it is well known that rain gauges 
often under-detect some precipitation, which is 
most problematic in regions and periods when 
snow takes up the main proportion of precipita-
tion accompanied by high wind speeds (Frei et al. 
2003). In particular, the amount of missing data 
from E-OBS precipitation stations has increased 
in recent years especially in winter. Although it 
is not suspected to be caused by snowfall distur-
bance because it is without any regional or eleva-
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tional dependence, the uncertainty of E-OBS 
dataset is closely related to the number of stations 
and is generally larger at northern latitudes in 
winter due to a decreased spatial consistency 
(Haylock et al. 2008). The precipitation amount 
in northern Finland is lower than that in southern 
Finland in spring and summer in E-OBS, while 
such a spatial distribution does not exist in the 
REMO simulations. The reason for this may be 
that the density of precipitation stations is quite 
sparse in northern Finland. Besides, the very low 
precipitation in Latvia in E-OBS is most likely an 
artefact.
No remarkable differences in precipitation 
distribution between GLCCDsim and CLCsim 
can be found (Fig. 8). However, areal averaged 
monthly total precipitation over land in CLCsim 
is less than that in GLCCDsim throughout the year 
(Fig. 9). The biases of the monthly areal means 
of precipitation amount in CLCsim over land rela-
tive to the E-OBS data are larger than 10 mm, 
except for the lowest overestimation which is 
roughly 9 mm in August. In addition, the reduc-
tion of the precipitation amount when the CLC-
based surface library is used is more obvious 
in summer because regional land-atmosphere 
processes are more prevalent than the large-scale 
forcing during that time of the year.
Surface energy balance and hydrological 
cycle
surface energy balance
To understand changes in the local surface tem-
perature, we need to analyse the surface energy 
balance (Fig. 10). The change in net surface 
solar radiation is the dominant factor for the 
decreased surface temperature in dormancy 
season. Although the decreases in net surface 
solar radiation generally reach 10% in the study 
area in winter, changes in winter temperatures 
are not large (Fig. 5). It is because no differ-
Fig. 8. seasonal total pre-
cipitation (mm) in e-oBs 
(top), and the differ-
ences (remo – e-oBs) 
in GlccD simulation 
(middle) and in clc simu-
lation (bottom).
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ences larger than ±2 W m–2 (not shown) can be 
found in net surface solar radiation between the 
two simulations due to the low incoming solar 
radiation in this high latitude domain in winter. 
The influences on surface albedo because of 
snow cover start from late-autumn and last until 
mid-spring in the study area (Fig. 11a). While 
the relatively large percentage changes in net 
surface solar radiation in winter are in line with 
the large percentage changes in surface albedo, 
the seasonal averaged percentage changes of net 
surface solar radiation in spring over the domain 
are smaller than ±4%. This can be attributed to 
the lower seasonal averaged total cloud cover 
(Fig. 11b) in spring which leads to more incom-
ing solar radiation and also the already quite 
high net surface solar radiation in late spring.
ET starts to participate effectively in the 
energy balance as latent heat flux in mid-spring 
with the regrowth of vegetation. Less latent heat 
flux from mid-spring to mid-autumn in CLCsim 
results in higher Tmax,2m as compared with that 
in GLCCDsim during this period (Fig. 7a). The 
total cloud cover also decreases in the grow-
ing season (Fig. 11b), which may be due to the 
reduced supply of moisture from ET (Göttel et al. 
2008). The largest decreases happen in regions 
east of the Scandes during the snow-free period, 
because the mountain range serves as a natural 
obstacle weakening the influence of the large-
scale atmospheric flow in the model’s interior, 
and thus the regional-scale influences of vegeta-
tion predominate. In response to the lower total 
cloud cover, both the net surface solar radiation 
and the net surface thermal radiation increase in 
the growing season. The decreases in latent heat 
flux are roughly compensated by the increases in 
sensible heat flux in the growing season. In the 
seasonal means of autumn and winter, the heat 
transfer is directed from the atmosphere to the 
land surface because of a warmer atmosphere and 
a cooler land surface, thus the positive sign and 
decreases in the percentage changes of seasonal 
mean sensible heat fluxes can be interpreted as 
reduced downward heat conduction during these 
two seasons. In addition, we see smaller percent-
age changes in latent heat flux than in sensible 
heat flux in most areas of the domain, although 
the absolute changes in the two fluxes are almost 
equal, because latent heat fluxes are much larger 
than sensible heat fluxes in those areas.
In sum, the changes in energy fluxes lead to 
a simulated climate that is warmer and drier in 
the growing season and colder in the dormancy 
season in CLCsim.
hydrological cycle
The hydrological cycle is also important for 
understanding the temperature and precipita-
tion differences between the two simulations 
(Fig. 12). As we already know from the discus-
sion above, ET is the main driver of 2-m surface 
temperature in the growing season because it 
influences latent heat flux and cloud cover. The 
Fig. 9. monthly mean pre-
cipitation amount aver-
aged over all land grid 
points in GlccD simula-
tion (solid), in clc simu-
lation (dashed) and in 
e-oBs (dotted).
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other hydrological components (precipitation, 
soil wetness and total runoff) change either in 
accordance with or limit the changes in ET. One 
reason for the too cold Tmax,2m and too warm 
Tmin,2m, as well as the overestimated precipitation 
in the two simulations in the growing season 
than those in E-OBS could be the simple bucket 
hydrology scheme in REMO, which cannot sim-
ulate a drying of the upper layer of the soil. 
Consequently, ET is relatively high when there 
is still water in the bucket which leads to a too 
high latent heat flux, a too high cloud cover and 
an accelerated hydrological cycle. In addition, a 
realistic simulation of cloud cover is acknowl-
edged to still be a general challenge in regional 
climate modelling due to the high time variabil-
ity of cloud cover and the uncertainties in the 
parameterization of clouds (Wyser et al. 2008).
Fig. 10. Percentage 
changes [(clc – GlccD) 
¥ 100%/GlccD] of sea-
sonal mean surface 
energy fluxes between 
clc simulation and 
GlccD simulation. the 
panels from top to bottom 
are: (a) net surface solar 
radiation, (b) net surface 
thermal radiation, (c) 
latent heat flux, and (d) 
sensible heat flux. Note 
that the sign conven-
tion of energy fluxes in 
remo is that the incom-
ing solar radiation rela-
tive to the earth surface 
is assigned with a positive 
sign, whereas the outgo-
ing surface thermal radia-
tion, latent heat flux and 
sensible heat flux relative 
to the earth surface are 
assigned with negative 
signs.
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Comparing the hydrological cycle in the two 
simulations (Fig. 12), the reduction in ET due 
to the decreased LAI and vegetation fractional 
cover, which outweighs the decreases in precipi-
tation in CLCsim, leads to an increased moisture 
divergence, especially in the growing season. As 
a result, the total runoff and soil wetness increase 
over most land areas in the domain except in the 
Scandes which is influenced by decreased field 
capacity (Fig. 3c). The percentage changes of 
ET in winter are quite high, more than ±50%, 
in many parts of the domain but the changes 
are actually smaller than 14 mm in 3 months 
(not shown), whereas the percentage changes 
in ET in summer are smaller compared to those 
in other seasons which are only due to the large 
ET in summer. The changes in the ET in winter 
are suspected to be affected by the smaller 
inland water fraction in CLC which leads to less 
heat and moisture to be released to the atmos-
phere from lakes, especially in the period when 
the environment is cool but lakes are still not 
frozen. The geographical patterns of precipita-
tion changes are more or less in response to the 
changes in ET in winter, spring and autumn, but 
rather chaotic in summer due to the strong land-
atmosphere interactions during this time.
Summary and conclusion
In this study, the land cover description of 
REMO was improved in the northern European 
domain by implementing the 100-m-resolution 
CLC derived in 2006. This replaces the standard 
1-km-resolution GLCCD that dates back to the 
early 1990s. In this work, REMO is driven by 
ERA-Interim reanalysis data and is applied to 
simulate the present-day climate for the years 
from 2001 to 2009 by using both CLC and 
GLCCD. Therefore, differences in the results of 
the two simulations arise from the different land 
cover distributions and from the readjustment 
of parameter values for Conifer Boreal Forest. 
The intention of this work was to set up a more 
realistic reference for future land cover change 
studies by using the updated present-day land 
cover map and to gain more insight into the per-
formance of REMO in climate simulations in a 
high-latitude domain.
Comparing the results from CLCsim with 
those from the reference run employing 
GLCCD, the monthly areal mean DTR is slightly 
increased in the growing season despite the fact 
that both REMO simulations still underestimate 
the range by about 2 to 3 K in comparison with 
Fig. 11. Percentage 
changes [(clc – GlccD) 
¥ 100%/GlccD] between 
clc simulation and 
GlccD simulation in: (a) 
seasonal mean surface 
albedo, and (b) seasonal 
mean total cloud cover. 
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the E-OBS observation data. The overestimation 
of the annual areal mean precipitation over land 
of about 27% in GLCCDsim is slightly reduced 
in CLCsim. Locally, the changes at a few grid 
points are much stronger for precipitation and 
temperature due to the local land cover changes. 
Changes in the simulated energy balance and 
hydrological cycle can be helpful in understand-
ing the changes in the 2-m air temperature and 
precipitation. In conclusion, surface albedo and 
ET are the dominating factors during snow cover 
period and during growing season, respectively, 
for the differences in near-surface temperature 
between CLCsim and GLCCDsim. The decreased 
ET also causes a reduction in precipitation.
The deviations between the simulation 
results by REMO and E-OBS in 2-m air tem-
perature and precipitation are considered to stem 
from uncertainties in both REMO simulations 
as well as in E-OBS. The areal averaged Tmax,2m 
in the REMO simulations are lower than those 
in E-OBS throughout the year, whereas the areal 
Fig. 12. Percentage 
changes [(clc – GlccD) 
¥ 100%/GlccD] of sea-
sonal total of hydrologi-
cal components between 
clc simulation and 
GlccD simulation. the 
panels from top to bottom 
are: (a) evapotranspira-
tion, (b) total runoff, (c) 
soil wetness, and (d) pre-
cipitation. note that only 
the water which is trans-
ported from land to atmos-
phere, i.e. evapotranspira-
tion, has a negative sign.
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averaged Tmin,2m in the REMO simulations are 
higher than those in E-OBS in the growing 
season but lower in the dormancy season. Over-
all, the underestimated nighttime cooling and 
daytime warming effects lead to a reduction in 
the DTR in both REMO simulations. Besides, 
throughout the year REMO simulates higher pre-
cipitation amounts than observed.
The reasons for the deviations between 
REMO simulation results and E-OBS are mani-
fold. The translations between the vegetation 
types in CLC and GLCCD presented in this 
study include uncertainties. Further efforts can 
be made to improve the parameter values in the 
land surface scheme of REMO with the aim of 
giving a better description of the physiologi-
cal characteristics of vegetation, especially in 
the northern European domain. Also, the influ-
ence from boundary forcing data should not 
be neglected because the domain is relatively 
small which means less freedom for REMO. 
Moreover, model physics and parameterizations 
can be considered a more important source of 
uncertainty. Further model developments with 
the implementation of a lake model (J. Kaurola, 
Finnish Meteorological Institute, pers. comm.) 
and a 5-layer soil hydrology scheme (S. Hage-
mann, MPI for Meteorology, pers. comm.) are 
undergoing. These developments will make 
REMO become more realistic in the physi-
cal sense and should diminish the deviations 
from observations in model simulations to some 
extent. In addition, the uncertainties in E-OBS 
due to a relatively sparse measurement station 
density in northern Europe, measurement errors 
and imperfect interpolation methods should also 
be considered in the analysis of deviations (Hay-
lock et al. 2008).
Overall, improvements in the REMO simula-
tion for present-day climate in a high-latitude 
domain that covers Fennoscandian countries are 
achieved by using high-resolution CLC. Sig-
nificant model improvements cannot, however, 
be obtained when merely changing the land 
cover description in a realistic way. In the near 
future, a historic land cover map traced back to 
the 1920s with no wetland forestation and future 
land cover maps based on projected forest man-
agement strategies in Finland will be introduced 
into REMO to study the regional climate effects 
in a Fennoscandian domain. However, because 
the main focuses are the differences between the 
climate simulations based on present, past and 
future land cover conditions, the results obtained 
when employing CLC can be regarded as a valu-
able reference.
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Abstract. Land cover changes can impact the climate by in-
fluencing the surface energy and water balance. Naturally
treeless or sparsely treed peatlands were extensively drained
to stimulate forest growth in Finland over the second half of
20th century. The aim of this study is to investigate the bio-
geophysical effects of peatland forestation on regional cli-
mate in Finland. Two sets of 18-year climate simulations
were done with the regional climate model REMO by us-
ing land cover data based on pre-drainage (1920s) and post-
drainage (2000s) Finnish national forest inventories. In the
most intensive peatland forestation area, located in the mid-
dle west of Finland, the results show a warming in April of
up to 0.43 K in monthly-averaged daily mean 2 m air tem-
perature, whereas a slight cooling from May to October of
less than 0.1 K in general is found. Consequently, snow clear-
ance days over that area are advanced up to 5 days in the
mean of 15 years. No clear signal is found for precipita-
tion. Through analysing the simulated temperature and en-
ergy balance terms, as well as snow depth over five selected
subregions, a positive feedback induced by peatland foresta-
tion is found between decreased surface albedo and increased
surface air temperature in the snow-melting period. Our mod-
elled results show good qualitative agreements with the ob-
servational data. In general, decreased surface albedo in the
snow-melting period and increased evapotranspiration in the
growing period are the most important biogeophysical as-
pects induced by peatland forestation that cause changes in
climate. The results from this study can be further integrally
analysed with biogeochemical effects of peatland forestation
to provide background information for adapting future forest
management to mitigate climate warming effects. Moreover,
they provide insights about the impacts of projected foresta-
tion of tundra at high latitudes due to climate change.
1 Introduction
Climate response to anthropogenic land cover change hap-
pens more locally and occurs on a much shorter time scale
compared to global warming due to increased greenhouse
gases (GHG) (IPCC, 2013). The influences on the cli-
mate from the biogeophysical effects caused by land cover
changes can enhance or reduce the projected climate change
(Bathiany et al., 2010; Bonan, 2008; Feddema et al., 2005;
Gálos et al., 2011; Göttel et al., 2008; Ge and Zou, 2013;
Pielke et al., 2011, 1998; Pitman, 2003). Especially for
the climate impacts of past large-scale afforestation, studies
show that the most obvious effects of the increase of forests
in boreal areas are warming during snow-cover periods due
to decreased surface albedo and cooling in summertime from
increased evapotranspiration (ET) in tropical areas with suffi-
cient soil moisture (Bala et al., 2007; Betts, 2000; Betts et al.,
2007).
Vast areas of naturally treeless or sparsely treed peat-
lands have been drained to grow forests for timber pro-
duction in northern European countries (Päivänen and
Hånell, 2012). In Finland, it is the dominant land cover
change over the last half century due to the high frac-
tion of pristine peatland and the need for timber produc-
tion. The total peatland area of Finland was estimated to
Published by Copernicus Publications on behalf of the European Geosciences Union.
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be 9.7 million ha in the 1950s (Ilvessalo, 1956). In the be-
ginning of the 2000s, the area of drained peatland for
forestry was estimated to be 5.7 million ha by Minkkinen
et al. (2002) and 5.5 million ha by Tomppo et al. (2011).
The area of drained peatlands is unlikely to increase fur-
ther because no more public subsidisation is given for
the first-time drainage of peatlands and the increased
awareness of natural conservation (Metsätalouden kehit-
tämiskeskus Tapio, 1997). The area of restored mires was
15 000 ha between 1990 and 2008 (http://www.biodiversity.
fi/en/indicators/mires/mi17-mire-restoration) (Kaakinen and
Salminen, 2006). However, land cover change is not only
a result of human land-use activities but can also be a con-
sequence of climate change. Global warming in the future
is also considered to be a factor that affects boreal peatland
through water-level drawdown due to increased ET (Laiho
et al., 2003; Laine et al., 1995).
Attention has been paid to the climate effects of peatland
forestation. A decrease in the local night-time minimum tem-
perature during the growing season was observed roughly for
the first 15 years after drainage (Solantie, 1994). The reason
for this nocturnal cooling phenomenon is the insulation of
lower soil layers from the atmosphere by dry peat. There-
fore, the heat flux from drained peat soil can not compensate
for the radiative cooling at the surface, which leads to a drop
in daily minimum temperature (Venäläinen et al., 1999). On
a longer time scale, the growing forest on formerly open peat-
lands leads to a decrease in surface albedo. The reasons for
this are the darker tree cover in comparison to the lighter
moss/grass cover in the snow-free period and the partial snow
cover in forest areas compared to the full snow cover in open
areas in the snow-cover period. This increases the daily max-
imum temperature due to an increase in the absorption of
short-wave radiation (Solantie, 1994). Consistent results on
the seasonal cycles of surface albedo and net surface so-
lar radiation due to peatland forestation were found by Lo-
hila et al. (2010), based on measurement data at two pairs
of drained and undrained peatland sites located in the south
and north of Finland. The results showed a notably decreased
surface albedo and corresponding increased net surface solar
radiation in springtime. Furthermore, Lohila et al. (2010) in-
dicated the local climate impacts of peatland forestation by
investigating long-term (1961–2008) spring surface temper-
ature trends over southern (< 65◦ N) and northern (> 65◦ N)
Finland. The largest positive daytime maximum temperature
trend of 0.64 Kdecade−1 happened in April in southern Fin-
land, where a total of 2.7 million ha of peatlands were drained
(Hökkä et al., 2002). The night-time minimum temperature
trend through the same period was 0.37 Kdecade−1. Lohila
et al. (2010) attributed the substantially larger increase in the
daytime maximum temperature than in the night-time mini-
mum temperature to the change in surface radiative proper-
ties after drainage.
However, these studies about the effects of peatland
forestation on climate are based on site-level data or
observation-based regional data, which can not attribute the
climate impacts to different influencing factors. Specifically,
they can not distinguish the local biogeophysical effects from
the global climate change due to the increase in GHG con-
centrations. The climate effects of peatland forestation have
not been quantified on a regional scale/country level to in-
vestigate the biogeophysical effects in particular. Also, the
magnitude and pattern of land-use change effects on climate
depend on regional conditions such as soil property, topog-
raphy, etc. Information from regional studies is essential for
the development of future strategies for climate mitigation or
forest management. Thus, it is necessary to investigate the
effects regionally and systematically.
In recent years, regional climate models have become suit-
able for simulating regional climate in a fine resolution to
resolve small-scale atmospheric circulation (Déqué et al.,
2005; Jacob et al., 2001, 2007; McGregor, 1997). For this,
a regional climate model with a realistic land scheme to in-
terpret more detailed land surface information needs to be
applied.
In this study, the long-term climate effects caused by peat-
land forestation are assessed from two sets of 15-year simu-
lation results with the regional climate model REMO, by us-
ing the historical (1920s) and present-day (2000s) land cover
conditions. The intention of this study is to understand how
peatland forestation in Finland influences regional climate
conditions through biogeophysical processes.
2 Model description and methodology
2.1 REMO climate model
The regional climate model REMO is a three-dimensional
hydrostatic atmospheric circulation model developed at the
Max Planck Institute for Meteorology in Germany (Jacob
et al., 2001, 2007; Jacob and Podzun, 1997). Its dynamical
core is based on the “Europa-Modell”, the former numeri-
cal weather prediction model of the German Weather Ser-
vice (Majewski, 1991). The land surface scheme (LSS) of
REMO mainly follows that of the global atmosphere circu-
lation model ECHAM4 (Roeckner et al., 1996) with sev-
eral physical package updates (details are shown below).
The prognostic variables are pressure, temperature, horizon-
tal wind components, specific humidity, cloud liquid water
and ice. REMO is driven by large-scale forcing data accord-
ing to the relaxation scheme (Davies, 1976). The eight outer-
most grid boxes at each lateral boundary are the sponge zone.
Because land cover is central to this study, a brief introduc-
tion of the LSS in REMO is given below. In REMO LSS, the
total area of each model grid box is composed of fractions
of land (vegetation cover and bare soil), water (ocean sur-
face and inland lake) and sea ice (Semmler et al., 2004). The
biogeophysical characteristics of major land cover classes
(Olson, 1994a, b) are described by the following surface
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parameters: background surface albedo (albedo over snow-
free land areas), roughness length, fractional green vegeta-
tion cover, leaf area index (LAI; one-sided green leaf area
per unit ground area), forest ratio (fr; fractional coverage of
trees regardless of their photosynthetic activity), soil water-
holding capacity (maximum amount of water that plants may
extract from the soil before wilting begins) and volumetric
wilting point (percentage of moisture in a soil column be-
low which plants start to wilt) (Hagemann, 2002; Hagemann
et al., 1999). The land surface parameters are averaged lin-
early according to fractional coverage of land cover types
within a model grid box, except for the roughness length that
is averaged logarithmically (Claussen et al., 1994; Hagemann
et al., 1999). As LAI, fractional green vegetation cover and
background surface albedo strongly depend on the vegeta-
tion phenology, they are prescribed with intra-annual cycles
by using a monthly varying growth factor that determines the
seasonal growth characteristics of the vegetation (Hagemann,
2002; Rechid and Jacob, 2006). The growth factor for lati-
tudes higher than 40◦ north or south is derived from a 2 m
temperature climatology (Legates and Willmott, 1990); in
other latitudes, the fraction of photosynthetically active ra-
diation is used.
The simple bucket scheme (Manabe, 1969) is used for
soil hydrology where the partitioning of surface runoff and
infiltration follows the Arno scheme (Dümenil and Todini,
1992). The soil temperature profile from the ground surface
to around 10 m deep is described by five soil layers with in-
creasing thickness. The heat conductivity and heat capacity,
required in the heat conduction equation for calculating the
soil temperature, depend on the soil types (Kotlarski, 2007).
The distribution of soil types is from the FAO/UNESCO soil
map of the world (FAO/UNESCO, 1971–1981; Kotlarski,
2007).
The Arno scheme used for the soil hydrology was fur-
ther improved by considering the high resolution subgrid-
scale heterogeneity of the field capacities within a climate
model grid box (Hagemann and Gates, 2003). The resolution
of subgrid-scale heterogeneity is set to be 10 times higher
than the model resolution when using the default REMO
land cover map-Global Land Cover Characteristics Database
(GLCCD) (Loveland et al., 2000; US Geological Survey,
2001). The three parameters in the improved Arno scheme
account for the shape of the subgrid distribution of soil water
capacities (Beta), subgrid minimum (Wmin) and maximum
(Wmax) soil water capacities. Also, the original annual back-
ground albedo cycle was modified by using MODIS satellite
data between 2001 and 2004 in order to derive more real-
istic global distributions of pure soil albedo and pure veg-
etation albedo, which are then used to compute the annual
background albedo cycle with monthly varying LAI (Rechid,
2008; Rechid et al., 2009).
Figure 1. Orography of the model domain and the five selected sub-
regions (subregion1 – blue; subregion2 – red; subregion3 – purple;
subregion4 – green; subregion5 – orange). The inner black frame
shows the extent of the relaxation zone from the outer boundary,
i.e. the eight outer-most grid boxes in each direction of the model
domain.
2.2 The model domain and land cover data sets
Our model domain covers Fennoscandia, a part of Russia
and the northern part of central Europe, and it is centred on
Finland (Fig. 1). Typical features influencing the climate of
this domain include the North Atlantic Ocean and the Baltic
Sea that surround the Fennoscandian countries, many inland
lakes located in Sweden and Finland and the relatively high
Scandinavian mountain range; the rest of the area has a to-
pography lower than 300 m above sea level.
The default land cover map in REMO is the GLCCD.
However, its description of the land cover in Finland is un-
realistic. For instance, there is no peatland in Finland in the
GLCCD, whereas 7.4 % (22 377 km2) of the land is covered
by naturally treeless or sparsely treed peatlands according to
the 10th Finnish national forest inventory (FNFI10) (Korho-
nen et al., 2013). The GLCCD was therefore substituted by
the more realistic and up-to-date CORINE land cover map
(CLC; 2006) for the same model domain in Gao et al. (2014),
except for the Russian part where the CLC (2006) is not
available. Unfortunately, land cover maps describing the land
cover conditions of Finland before the most intensive period
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Figure 2. Changes of fractional coverage of the 10 land cover classes in Finland from the 1920s to the 2000s (FNFI10–FNFI1).
of peatland drainage in the 1960s are quite limited. Neverthe-
less, the data collected in the 1st Finnish national forest in-
ventory (FNFI1) provide the possibility for tracing back the
land cover condition of Finland in the 1920s (Ilvessalo, 1927;
Tomppo et al., 2010). Also, the FNFI10, rather than the CLC
(2006), is adopted to describe the land cover condition of Fin-
land in the 2000s, with the aim to avoid the uncertainties in
comparing land cover maps with different land cover classi-
fication methods and different spatial resolutions. The FNFI1
and FNFI10 land cover maps are post-products that were spe-
cially prepared for this study from the respective FNFI field
measurement data. The detailed description of the procedures
for deriving the FNFI1 and FNFI10 land cover maps is shown
in Appendix A. The two FNFI land cover maps are in 3 km
resolution and include 10 land cover classes following CLC
nomenclature.
The fractional coverage for the 10 land cover classes
over the land area of Finland in the 1920s and the changes
from the 1920s to the 2000s based on the two FNFI land
cover maps are as follows (fractional coverage in the 1920s;
changes from the 1920s to the 2000s): coniferous for-
est (33.0 %; 5.2 %); mixed forest (13.5 %; −5.7 %); broad-
leaved forest (4.7 %; −0.8 %); artificial areas (0.7 %; 4.1 %);
natural grasslands (3.4 %; −3.4 %); peat bogs (14.3 %;
−5.2 %); open spaces (1.5 %; −0.1 %); transitional wood-
land/shrub (18.9 %; 4.3 %); moors and heathland (2.1 %;
0.7 %); and agricultural areas (8.0 %; 0.9 %). Regional dif-
ferences of those land cover classes can be seen in Fig. 2.
In the FNFI maps, the land cover class ”peat bogs” is de-
fined as naturally treeless peatland and pine mires where the
stocking level is low or the mean height of trees is below 5 m
at maturity. Therefore, the shifting from peat bogs to forests
represents a major land cover change due to peatland foresta-
tion.
In addition to regional inspections, five subregions were
selected to represent different land cover change conditions
between FNFI1 and FNFI10 (Fig. 1), and the changes of frac-
tional coverage of the 10 land cover classes in those five
subregions are given in Table 1. This was done to specifi-
cally assess the local climate effects of different intensities
of peatland forestation. From subregion1 to subregion4 there
is a decrease in the reduction of peat bogs. Subregion1 and
subregion2 are two peatland forestation areas located in the
middle and south of Finland respectively. In subregion1 and
subregion2 there were decreases in the fractional coverage of
peat bogs of more than 20 %, and the decreases were mainly
compensated by coniferous forest. The decrease in the frac-
tional coverage of peat bogs was 2 % less in subregion2 than
that in subregion1, but the increase in the fractional coverage
of coniferous forest was 5 % higher in subregion2 than that
in subregion1. The total increase in the fractional coverage
of forest types was about 16 % in both subregion1 and subre-
gion2. Subregion3 is located in the east of subregion1. There
was a 12 % decrease in the fractional coverage of peat bogs,
but instead of an increase of forests, the fractional cover-
age of transitional woodland/shrub increased by 14.3 %. Sub-
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Table 1. Changes of fractional coverage (%) of the 10 land cover classes from the 1920s to the 2000s (FNFI10–FNFI1) in the five subregions.
Class Legend Subregion1 Subregion2 Subregion3 Subregion4 Subregion5
1 coniferous forest 13.40 18.03 −2.24 −11.74 −10.13
2 mixed forest 1.23 −3.46 −2.30 −1.86 −2.10
3 broad-leaved forest 1.24 0.98 1.68 −0.52 −4.11
4 artificial areas 4.44 4.95 2.44 5.69 2.52
5 natural grasslands −4.41 −2.10 −1.71 −2.82 −1.60
6 peat bogs −22.92 −20.82 −12.60 −3.80 8.64
7 open spaces 0.06 −0.12 −0.11 −0.31 −1.14
8 transitional woodland/shrub 3.64 −0.72 14.26 4.84 9.12
9 moors and heathland 0.00 0.00 0.00 0.00 −1.37
10 agricultural areas 3.31 3.26 0.57 10.52 0.17
region4 is an area where the most intensive anthropogenic
activities have occurred in the five subregions. There was
a 14 % decrease in the fractional coverage of forest types and
a 3.8 % decrease in that of peat bogs, with a 5.7 % increase
in the fractional coverage of artificial areas and a 10.5 % in-
crease in that of agriculture areas. Subregion5 is an area with
an 8.64 % increase in the fractional coverage of peat bogs
and a 16.3 % decrease in the fractional coverage of forest
types. Herein one should notice that some uncertainties may
arise from sampling in the FNFI1 and FNFI10 data. This ap-
plies especially to FNFI1, where the distance between inven-
tory lines was as high as 26 km. Therefore, subregions that
are smaller than 100km× 100km may not be sufficient to
represent the actual land cover changes spatially. However,
the dynamics of the local effects of land cover changes on
climate can not be detected when averaging climate signals
over large areas with diverse land cover changes. Therefore
small subregions, which cover a range of land cover change
intensities, are chosen to reflect local climate impacts due to
different land cover changes.
Moreover, the FNFI data only cover the land surface
in Finland without considering inland lakes. Therefore, the
land–sea mask in the model domain is adopted from the CLC
(2006). In addition, the land cover conditions of the area
outside Finland in the model domain are the same as those
in Gao et al. (2014), i.e. based on the CLC (2006) and the
GLCCD, and thus identical in both simulations.
In order to make the land surface parameters more suit-
able for this study, several modifications in REMO LSS were
done. Details of those modifications are documented in Ap-
pendix B.
3 Experiment design
Two simulations were conducted with the FNFI1 and
FNFI10 land cover maps, representing the land cover con-
ditions before and after peatland forestation activities in Fin-
land respectively. The simulations were driven with 6-hourly
lateral boundary conditions from ECWMF ERA-Interim re-
analysis data (Simmons et al., 2007) from 1 January 1979
to 31 December 1996. The 18-year forward runs were pre-
ceded by 10-year (1 August 1979–1 January 1990) sim-
ulations in order to stabilise the deep soil temperatures
and soil moistures. The last 15 years (1 December 1981–
30 November 1996) out of the 18-year forward simulations
were adopted for further analysis. The analysed period starts
from 1 December in order to keep all 3 winter months con-
tinuous. The simulated first 1.5 years were excluded in order
to minimise the influences of the initial boundary conditions
on simulated climate conditions, which have a much quicker
adaptation speed than deep soil temperature. The model grid
is in an 18 km resolution horizontally and extends over 27
vertical levels (up to 25 km). The model time step was set to
90 s and the time steps of output variables are 6-hourly for 3-
D variables and hourly for 2-D variables. Daily data covering
24 h are processed from 18:00 UTC on the previous day to
17:00 UTC on the current day. For 6-hourly data, 18:00 UTC
on the previous day and 00:00 UTC, 06:00 and 12:00 UTC
on the current day were used for daily values. For this study
domain, the growing season and the dormancy season cover
the period from May to October and from November to April
respectively.
4 Results
The land cover change effects on regional climate conditions
in Finland are analysed based on the differences in climate
variables between the post-drainage and pre-drainage sim-
ulations (FNFI10–FNFI1). This “delta change approach” is
adopted to eliminate the uncertainties related to model bias
(Gálos et al., 2011; Jacob et al., 2008).
4.1 Effects on climate over Finland
The differences in monthly-averaged daily mean 2 m air tem-
perature (T2 m) are quite heterogeneous temporally and spa-
tially. T2 m differences are most prominent in springtime and
summertime (Fig. 3). The most noticeable difference in T2 m,
up to 0.43 K, takes place in the most intensive peatland
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Figure 3. The 15-year averaged differences (FNFI10–FNFI1) in
monthly-averaged daily mean 2 m air temperature in spring and
summer months.
forestation area in the middle west of Finland in April. The
warming is also evident in February and March, with dif-
ferences of 0.2 K in this area. However, T2 m turns to show
a slight cooling, generally less than 0.1 K, in a few parts of
this area from May to October. There are also two regions
in northern Finland that show opposite changes compared
to the peatland forestation area in the middle west of Fin-
land with cooling in the spring and warming in the grow-
ing season. This is because of decreased forest cover and in-
creased fraction of peat bogs in those two areas from FNFI1-
to FNFI10-based land cover maps. An increase of less than
0.2 K is seen in T2 m in the southeast of Finland in July and
August as well as in the very south of Finland throughout
the growing season, which is mainly due to the change from
mixed forest to coniferous forest and the increased artificial
areas respectively. The 15-year averaged monthly precipita-
tion shows only small differences, less than 10 mmmonth−1,
in varied patterns in the model domain from April to August
(not shown).
The snow clearance day is also an important indicator
of springtime climate change at high latitudes (Peng et al.,
2013). Therefore, the snow clearance day for each grid box
in Finland is determined for the 15 years. The snow clearance
day is defined here as the first day after which the total num-
ber of snow-covered days does not exceed the total number
Figure 4. The 15-year averaged differences (FNFI10–FNFI1) in the
snow clearance days over model grid boxes in Finland.
of snow-free days, and the selection of this day ends before
midsummer in a year. The differences between the 15-year
averaged snow clearance days of the two simulations (Fig. 4)
show almost the same pattern as the differences in T2 m in
April (Fig. 3). In the peatland forestation area in the mid-
dle west of Finland, the snow clearance days are mostly ad-
vanced by 0.5 to 3 days and, in a few grid boxes, advanced by
up to 5 days in the 15-year mean. The two small areas in the
north of Finland with reverse land cover changes in compar-
ison to peatland forestation show up to 2-day delays in gen-
eral. In the very south of Finland, the snow clearance days
are also generally advanced in accordance with the warm-
ing seen in T2 m, but delayed in several scattered grid boxes
due to increased fraction of artificial areas at the expense of
forests.
4.2 Effects on climate over five subregions
T2 m, precipitation and several closely related climate vari-
ables (surface albedo, net surface solar radiation, snow depth,
ET) for the five subregions were processed into 11-day run-
ning means to reduce the influence of day-to-day variations.
The differences between the simulations in each of the re-
gionally averaged climate variables were further averaged
over the 15 years (Fig. 5). The date information herein (day
of year, DOY) represents the middle contributing day of the
11-day averaging period.
T2 m of subregion1 shows a warming of 0.1 to 0.2 K from
February until the end of March and an evident peak of
increase from early April to early May (from DOY 95 to
DOY 125) that reaches a maximum of 0.5 K in late April.
Biogeosciences, 11, 7251–7267, 2014 www.biogeosciences.net/11/7251/2014/
Y. Gao et al.: Biogeophysical impacts of peatland forestation on regional climate changes in Finland 7257
0 60 120 180 240 300 360
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
(e)
DOY
E
T 
(m
m
)
0 60 120 180 240 300 360
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
0.5
0.6
(a) 
DOY
T
2m
 (K
)
0 60 120 180 240 300 360
-0.02
-0.02
-0.01
-0.01
0
0.01
0.01
0.02
(b)
DOY
sn
ow
 d
ep
th
 (
m
)
Subregion1 Subregion2 Subregion3 Subregion4 Subregion5
0 60 120 180 240 300 360
-0.08
-0.06
-0.04
-0.02
0
0.02
0.04
0.06
(c)
DOY
al
be
do
0 60 120 180 240 300 360
-6
-4
-2
0
2
4
6
8
(d)
DOY
ne
t s
ur
fa
ce
 s
ol
ar
 r
ad
ia
tio
n
(W
/m
2 )
0 60 120 180 240 300 360
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
0.5
0.6
(f)
DOY
pr
ec
ip
ita
tio
n 
(m
m
)
Figure 5. The 15- year averaged regional mean differences (FNFI10 – FNFI1) in 11 day running
mean of daily mean (a) two-metre air temperature, (b) snow depth (presented as equivalent water),
(c) surface albedo, (d) net surface solar radiation, (e) ET and (f) precipitation of the five subregions.
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Figure 5. The 15-year averaged regional mean differences (FNFI10
– FNFI1) in 11-day running mean of daily mean (a) 2 m air temper-
ature, (b) snow depth (presented as equivalent water), (c) surface
albedo, (d) net surface solar radiation, (e) ET and (f) precipitation
of the five subregions.
T2 m of subregion2 has the same development as subregion1
throughout the whole year, but the warming is much smaller
and the biggest difference, only 0.12 K, occurs in the begin-
ning of April. This is consistent with the differences in snow
depth. The snow-cover period in subregion2 is shorter along
with an earlier maximum difference in snow depth. More-
over, those characteristics of the differences in snow depths
are in qualitative agreement with the differences in surface
albedo because snow is the key factor that controls the sur-
face albedo in the snow-cover period. From the beginning of
May to the beginning of October, T2 m shows a cooling of less
than 0.1 K in subregion1 and subregion2 because the cooling
caused by ET exceeds the warming caused by the slightly
lower albedo. The variability of the differences in net surface
solar radiation in the growing season is induced by the vari-
ability of cloud cover rather than surface albedo. In Novem-
ber, December and January, the differences in T2 m vary in
both directions. At high latitudes, incoming solar radiation is
quite small and cloud cover fraction is high in late autumn
and winter. Therefore, the differences in surface albedo are
not able to induce differences in net surface solar radiation
in this period. Instead, the surface air temperature is sensi-
tive to changes in the long-wave radiation balance that may
lead to atmospheric air temperature inversion under a clear
sky, manifesting itself as extreme cold surface air tempera-
ture. Thus, the variability of the differences in cloud cover
caused by short-term variations in the climate contributes to
the varied differences in T2 m in this period.
The differences in T2 m for subregion3 show a warming of
less than 0.1 K from DOY 91 to DOY 120 but also a warming
in an even smaller magnitude throughout the growing season.
The difference in surface albedo in subregion3 is close to 0,
although the difference in snow depth is similar to that of
subregion2 but with a time lag of around 15 days in the most
intensive point. In subregion4, the snow depth shows a quite
small increase from the beginning of January until the end
of March, which is consistent with the increase in surface
albedo and explains the slight decrease of up to 0.1 K in T2 m
from the middle of February until the end of March. Subre-
gion5 displays the opposite characteristics compared to sub-
region1 and subregion2 for all the investigated variables. The
absolute differences in snow depth of subregion5 are smaller
than those of subregion1 but larger than those of subregion2.
Because subregion5 is located in the north of Finland, the
biggest difference in snow depth occurs later than that of sub-
region1. The magnitude of the maximum differences in T2 m
in the snow-cover period of subregion5 also lies between that
of subregion1 and subregion2 and happens later than that of
subregion1.
The differences in T2 m in the growing season depend on
the surplus of energy balance terms where ET manifests it-
self as latent heat flux. In general, the increase of ET in sub-
region2 is slightly higher than that in subregion1. As a con-
sequence, the decrease of T2 m in subregion2 is slightly larger
than that in subregion1 during the growing season when the
albedo difference is quite small. The decreased ET and the
slightly decreased surface albedo together result in a slight
warming during the growing season in the other subregions.
The extents of warming in the other subregions follow the
magnitudes of the decreased ET because the differences in
surface albedo are almost the same in the growing season.
Precipitation has higher variability than ET throughout the
year in the five subregions. In general, the differences in pre-
cipitation are much larger in the growing season than in the
dormancy season, when they are close to 0 mmday1. In the
growing season, the increase in precipitation of subregion1
occurs during a longer period and has a larger magnitude than
that of subregion2. There are slight increases in the precipita-
tion in subregion3 and subregion4, whereas the precipitation
of subregion5 shows a decreasing tendency in the growing
season, with the biggest differences less than 0.2 mmday 1.
Furthermore, the maximum and minimum differences of
grid pointwise and regionally averaged 11-day running mean
of T2 m over 15 years for subregion1 were investigated as
complements to the regionally averaged 15-year mean dif-
ferences (Fig. 6). T2 m shows a maximum difference in grid
pointwise of nearly 2 K in the snow-melting period over the
15 years, which is 1 K higher than the maximum difference
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Figure 6. Maximum, minimum and mean differences of grid point-
wise and regionally averaged 11-day running mean of daily mean
2 m air temperature over 15 years in subregion1.
in regionally averaged T2 m over the 15 years and 4 times that
of the 15-year mean of regionally averaged T2 m. The timings
of the three kinds of maximum differences in spring deviate
from each other by 3 to 10 days. The minimum differences
show only a small deviation between the grid pointwise and
regional mean values over the 15 years. During the snow-
melting period, the minimum differences of regionally aver-
aged T2 m is above 0, but not that of the grid pointwise T2 m.
The springtime differences between regional mean and grid
pointwise extremes elucidate that, even within one subregion
with homogenous characteristics related to peatland foresta-
tion, the spring warming of T2 m is temporally and spatially
heteroge eous. This implies that local effects are more pro-
nounced than the regional and temporal statistics can reveal.
For the rest of the year, the differences between the maxi-
mum (minimum) of the grid pointwise and regionally aver-
aged T2 m are small and of a more regional nature. In the pe-
riod between November and January, the large variations of
maximum (minimum) T2 m are contributed by the inversion
effects due to short-term variations in the climate.
Additionally, for a more thorough understanding of the re-
lationships between spring warming and albedo changes in
the snow-cover period due to peatland forestation, two cor-
relation relationships were investigated over the 15 years for
subregion1 (Fig. 7). One is between the maximum tempera-
ture difference day (DOY) and the maximum surface albedo
difference day (DOY). The other is between the inflection
day of total albedo (the day when surface albedo just fin-
ishes a fast decrease from its wintertime level; DOY) and the
snow clearance day (DOY). The maximum temperature dif-
ference days match to maximum albedo difference days in
6 years, and the rest of the years generally show a delayed
maximum temperature difference day compared to the max-
imum albedo difference day, with a maximum deviation of
14 days. In general, the snow clearance day correlates well
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Figur 7. (a) Correl tion between maximum temperature change day (DOY) and maximum total
albedo change day (DOY); (b) correlation between inflection day of total albedo (the day when
surface albedo just finishes a fast decrease from its wintertime level; DOY) and the snow clearance
day (DOY). The plots show regional means over subregion1 for all 15 years.
44
Figure 7. (a) Correlation between maximum temperature change
day (DOY) and maximum total albedo change day (DOY); (b) cor-
relation between inflection day of total albedo (the day when surface
albedo just finishes a fast decrease from its wintertime level; DOY)
and the snow clearance day (DOY). The plots show regional means
over subregion1 for all 15 years.
with the inflection point of surface albedo. For most years,
the differences are less than 6 days, but 3 years show differ-
nces up to round 20 days. In those years, sporadi snowfall
with a small accumulated snow depth cannot really introduce
differences in total surface albedo over the subregion but in-
fluences the determination of the snow clearance day.
4.3 Relationship between the changes in
biogeophysical aspects and the impacts on climate
To assess the generality of the causal relationships between
land cover changes and climate variables, the spatial cor-
relations between changes in the two surface energy bal-
ance relevant variables, surface albedo and ET, and T2 m
are investigated. Consequently, the spatial correlations be-
tween changes in surface albedo and ET and changes in
the surface parameter values are also explored. The corre-
lations with fractional green vegetation cover is not shown
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in Fig. 8 because LAI and green vegetation ratio are both
modulated with the monthly varying growth factor by the
same scheme, and they are highly correlated (Pearson cor-
relation coefficient, r2 = 0.984 for March, r2 = 0.674 for
June). Monthly means of 15-year averaged changes in March
and June are selected to represent springtime and summer-
time respectively. The changes in T2 m are in accordance with
the changes in surface albedo in March (Fig. 8a), which is al-
most linearly correlated with the changes in LAI (Fig. 8c)
and forest ratio (Fig. 8e). The changes in T2 m are linearly
correlated with the changes in ET over most of the area in
June (Fig. 8b). In general, the changes in ET are also cor-
related with the changes in LAI (Fig. 8d), roughness length
(Fig. 8f) and forest ratio (yearly constant, not shown), despite
the influences from droughts that may happen in late summer.
Overall, the changes in surface albedo and ET are closely de-
pendent on the changes in land surface parameters, which are
induced by the changes in fractional coverages of land cover
types in the five subregions (Table 1). The changes in T2 m are
mainly modulated by the changes in surface albedo and ET in
spring and summer respectively. Some grid boxes located in
the southeast of Finland, where mixed forest was substituted
by mainly coniferous forest, show deviations in the correla-
tions with LAI (marked by yellow circles in Fig. 8b, c, d). In
this area, LAI increased with almost no change in forest ratio,
which led to a relatively smaller decrease in surface albedo
compared to other areas with the same magnitude of changes
in LAI in March; the ET-induced cooling is outweighed by
the albedo-induced warming, which causes a slight warming
in June. In the following summer months, July and August,
the ET-induced cooling typically gets smaller because of sur-
face water limitation and consequent warming.
5 Discussion
5.1 Biogeophysical impacts of peatland forestation on
regional climate
Surface albedo shows a notable decrease in peatland foresta-
tion areas during the snow-cover period and a slight decrease
in the growing season, whereas LAI, roughness length,
fractional green vegetation cover and forest ratio increase
throughout the year after peatland forestation. Those changes
lead to an increase in springtime T2 m, which occurs locally in
accordance with the decrease in surface albedo. In the grow-
ing season, an increase in ET related to the increased LAI
and fractional green vegetation cover leads to more energy
consumed by latent heat flux than gained by slightly lower
albedo. Additionally, higher roughness length can play a role
by increasing turbulent mixing and consequently the mag-
nitudes of turbulent fluxes. Thus, the scattered differences
in precipitation in summer are contributed to more convec-
tive structures, while for the rest of the year the precipitation
is basically controlled by large-scale meteorology. From the
Figure 8. Spatial correlations between (a) changes in monthly-
averaged daily mean 2 m air temperature (T2 m) and changes in
albedo for March, (b) changes in T2 m and changes in ET for June
and relationships between changes in land surface parameters in
REMO LSS following land cover changes and changes in albedo (c,
e) (changes in ET, d, f) in the corresponding month. The changes in
the grid boxes in selected subregions are shown with coloured dots
(subregion1 – blue; subregion2 – red; subregion3 – purple; subre-
gion4 – green; subregion5 – orange). The grid boxes in yellow cir-
cles show the changes in the southeast area of Finland.
analysis of the results in the five subregions, the differences
in the climate variables show that their magnitudes depend
on the extent of land cover changes, while the timings of the
extremes mostly depend on geographical locations (latitudes)
that define the radiation balance through the seasonal cycle.
Results also illustrate a positive feedback induced by peat-
land forestation between lower surface albedo and warmer
T2 m in the snow-melting period. The warming caused by
lower surface albedo in the snow-cover period due to more
forest leads to a quicker and earlier snow melting; mean-
while, the surface albedo is reduced and consequently the
surface air temperature is increased. Additionally, the maxi-
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mum difference in the grid pointwise 11-day running mean of
T2 m in the spring warming period over the 15 years reaches
2 K in subregion1, which is 4 times 15-year mean of the cor-
responding regionally averaged values. This illustrates that
the spring warming effect from peatland forestation is highly
spatially and temporally heterogeneous.
5.2 Comparison with observation-based results
To examine the realism of the simulated effects on sur-
face temperature in springtime from peatland forestation,
linear temperature trends over 40 years (1959–1998) were
calculated for March and April based on monthly mean
daily maximum (T2 m,max) and monthly mean daily mini-
mum (T2 m,min) surface temperatures over Finland from an
E-OBS gridded observational data set in 0.25 degree resolu-
tion (Haylock et al., 2008) (Fig. 9). The significance of the
trends was tested with the Student t test. Both T2 m,max and
T2 m,min have increased in March and April over the 40 years,
and the increases of temperatures in March are stronger than
those in April. The major areas of peatland forestation, sub-
region1 and subregion2, are highlighted and statistically sig-
nificant (p < 0.1) in the trends of T2 m,max in both March and
April but not shown in the trends of T2 m,min. In springtime,
the trend of T2 m,max is influenced by the albedo-induced tem-
perature changes locally, while the trend of T2 m,min is more
related to the general climate change caused by global GHG
increases. Thus, the local effects in the trends of T2 m,max
suggest that our modelled results show qualitatively a good
correspondence to observational data. However, it is diffi-
cult to compare the exact magnitudes and patterns of temper-
ature changes because observational data contain contribu-
tions from other factors: for instance, the effects of climatic
teleconnections from land cover changes in surrounding ar-
eas of Finland and short-lived climate forces such as aerosols
and reactive trace gases (Pitman et al., 2009).
Furthermore, regional averaged difference in the simulated
11-day running mean net surface solar radiation of subre-
gion1 (Fig. 5d) agrees well with the observed differences in
daily mean (1971–2000) net surface solar radiation (Fig. 4 in
Lohila et al., 2010) between open peatland and forest sites lo-
cated in southern and northern Finland. The maximum differ-
ences in the observed net surface solar radiation at nutrient-
rich sites are 40–45 W m−2 (on DOY 70) in the south and 80–
90 Wm−2 (on DOY 110) in the north of Finland. At nutrient-
poor sites, the maximum differences are 30–40 Wm−2 (on
DOY 80) in the south and 60–70 Wm−2 (on DOY 115–120)
in the north of Finland. The maximum difference in the sim-
ulated 11-day running mean net surface solar radiation av-
eraged over subregion1 is 6.5 Wm−2 (on DOY 107). The
timing of the maximum difference in our simulated results
for subregion1 falls within the range of that in the observed
data. The much smaller magnitude of the maximum differ-
ence in the simulated results could be explained by the fact
that only around 20 % of the land was transformed from peat-
Figure 9. Temperature trends over 40 years (1959–1998) for (a, c)
monthly mean daily maximum and (b, d) monthly mean daily min-
imum surface temperatures of March and April. The areas covered
with black dots are statistical significant (p < 0.1).
land to forests in subregion1. The maximum difference in net
surface solar radiation is caused by the advanced snow clear-
ance day due to peatland forestation. The differences in sur-
face albedo is biggest between snow-covered peatland sur-
face and non-snow-covered forest surface, i.e. the maximum
difference of surface albedo is mostly dependent on snow
albedo. Snow albedo has a negative linear correlation with
forest ratio (Fig. B1). Assuming that the entire land of sub-
region1 would have been changed from peatland to forests,
the maximum difference in net surface solar radiation could
be estimated to be 5 times larger, i.e. 32.5 Wm−2, which is
within the range of observations. Moreover, the evolution of
the differences in both simulated and observed net surface so-
lar radiation in spring can be divided into three phases: a slow
increase, a quick increase and a quick drop. For the simulated
net surface solar radiation, the slow increase occurs from the
beginning of January until the end of March and appears to be
mostly induced by the differences in snow depth of the land
cover classes. The following quick increase occurs in a much
shorter period in April, within 10 to 20 days. The quick drop
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of the differences in net surface solar radiation follows the
strong decrease of snow cover. The quick increase and quick
drop are mainly attributed to snow melting, which is very
sensitive to warmed air temperature. After that, the difference
of net surface solar radiation is much smaller in the growing
season. Strong variability of the net surface solar radiation
differences in summertime can be attributed to the relatively
short averaging time (15 years) that does not even out the im-
pact of periods of high and low cloudiness.
5.3 Perspectives to improve land–atmosphere
interactions modelling
Our results show that local climate changes due to peatland
forestation in Finland can be mainly attributed to the im-
pacts of changed surface albedo and ET on surface tempera-
ture, whereas no strong influences on precipitation is found.
Future studies for improving understanding of biogeophys-
ical impacts on regional climate of peatland forestation and
other land cover or land use intensity changes could focus on
the following issues: the parameterisation of albedo, the soil
hydrology scheme, and the implementation and accuracy of
land cover maps.
Although the maximum background albedo values of
FNFI land cover classes in this study are broadly con-
sistent with the summertime albedo values derived espe-
cially for two observation stations in Finland in Kuusinen
et al. (2013), the estimated albedo for land cover classes in
high-latitude areas show variations in a range of studies. The
mean summertime albedo for coniferous forest is only 0.079
in Hollinger et al. (2010), while it is 0.119 in our study. We
used a summertime albedo for broad-leaved forest of 0.146,
which is higher than the albedo values for deciduous in Ku-
usinen et al. (2013) but still lower than 0.156 for aspen in
Betts and Ball (1997) and 0.152 for deciduous in Hollinger
et al. (2010). The cropland albedo is 0.189 in Hollinger
et al. (2010), much higher than the cropland albedo of 0.156
used in our study. In the middle boreal zone of Finland, the
albedo of peat bogs and the albedo of forest are, on average,
0.145 and 0.115 in Solantie (1988) respectively. Thus, com-
pared to those values, our lower albedo for peat bogs and
higher albedo for forest (even only considering coniferous
forest) may underestimate the warming effect contributed by
more absorbed solar radiation in the non-snow-covered pe-
riod. However, it is hard to estimate the overall influence on
surface temperature because ET may be enhanced from in-
creased net surface solar radiation. Furthermore, even albedo
values of the same land cover class could be different in dif-
ferent parts of Finland. In Solantie (1988), the mean albedo
of barren bogs in southern Finland and of the concentric
raised bogs in the middle of Finland is only 0.128. Recent
studies show that forest albedo is influenced by stand density
and understory in different sites (Bernier et al., 2011).
In wintertime, the snow albedo scheme is much more im-
portant than the background albedo in determining the sur-
face albedo for high latitudes. The snow albedo scheme in
REMO does not adequately represent the complex condi-
tions over forests with the linear dependence on snow surface
temperature. Snow properties and canopy conditions, such as
snow water content, grain size and snow pack thickness, as
well as impurities on the snow surface, have a strong influ-
ence on snow albedo (Wiscombe and Warren, 1980). More-
over, there is no vertical structure of forests in REMO where
the process of snow intercepted by canopy is crucial (Roesch
et al., 2001). The canopy of forests is also important in caus-
ing a night-time warming by the shelter effect in areas with
successful peatland forestation after about 15 years (Venäläi-
nen et al., 1999).
Besides, soil moisture affects ET and precipitation, thus
playing a vital role in energy partition and influencing surface
temperature (Hagemann et al., 2013). The simple bucket soil
moisture scheme used in this study is insufficient to repre-
sent the complex soil hydrological processes (Hagemann and
Stacke, 2014). Also, the subgrid variability of soil saturation
within a model grid box is taken into account as one-third
the model resolution in the simple bucket hydrology scheme
in REMO LSS for this study, which is restricted by the 3 km
resolution of the FNFI land cover maps. This can lead to un-
derestimation of the surface runoff because the differences
between the two surface parameters, Wmax and Wmin, are
smaller over the model domain compared to those when us-
ing a 10 times finer resolution to represent the subgrid hydro-
logic heterogeneity with the GLCCD or CLC (2006).
Furthermore, land surface parameters are allocated ac-
cording to distributions of land cover types in land surface
scheme. Spatially more explicit land cover maps with a pa-
rameter set tailored for the study area could reduce the un-
certainties in simulation results of climate models from the
source.
5.4 Biogeochemical aspects related to peatland
forestation
Peatland is a significant source of CH4, and the CH4 emission
rate is sensitive to temperature, water table level, plant root
depth, soil nutrition level, etc. (Melton et al., 2013; Turetsky
et al., 2014; Lohila et al., 2010). After peatland forestation,
the soil water table level goes down, leading to increased
CO2 release at the expense of CH4 release (Minkkinen and
Laine, 2006). As time goes by, carbon sequestration by the
tree growth and the formation of a new litter layer could com-
pensate for the carbon loss from peatland. Lohila et al. (2010)
combined the radiative forcing effects from the differences
of albedo and GHG fluxes due to peatland forestation at site-
level and showed net cooling at two soil-nutrient-rich sites
in the south and north and one soil-nutrient-poor site in the
south of Finland. Accounting for such local impacts in a re-
gional climate model requires very sophisticated process de-
scriptions and detailed parameterisation of soil properties.
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The biogeophysical impacts of vegetation–climate feed-
backs on climate are modest in comparison to the effects of
increased GHGs for Europe, but local, regional and seasonal
effects can be significant (Wramneby et al., 2010). However,
studies with dynamic vegetation models under climate pro-
jections with increased GHGs indicate that more carbon will
be gained in terrestrial ecosystems at high latitudes by the
end of this century (Fallon et al., 2012; Zhang et al., 2014).
This is due to an increase in woody plants that induce bio-
geophysical feedbacks with an earlier onset of the growing
season.
6 Summary
To get a clear picture of the peatland forestation effects on
the climate in Finland it is important for future forest man-
agement to consider economic aspects and global warming
mitigation. In this paper we investigated the long-term bio-
geophysical effects of peatland forestation on near-surface
climate conditions in Finland by using a historical (1920s)
and a present-day (2000s) land-use map based on Finnish
national forest inventory data in the regional climate model
REMO. The differences between the two simulations in sur-
face air temperature and precipitation were examined. The
results show that peatland forestation induces a spring warm-
ing effect and a slight cooling effect in the growing season,
but a varied pattern with less than 10 mmmonth−1 differ-
ences in precipitation over Finland from April to September.
The temperature response in spring in simulation results is
well in line with that seen in observational maps. In the most
intensive peatland forestation area in the middle west of Fin-
land, the monthly-averaged daily mean surface air tempera-
ture shows a warming effect of around 0.2 K in February and
March and up to 0.43 K in April, whereas a cooling effect
of, in general, less than 0.1 K is found from May until Oc-
tober. Consequently, the snow clearance days in model grid
boxes over that area are advanced up to 5 days in the mean
of 15 years. Furthermore, a more detailed analysis was con-
ducted on five subregions with decreased fractions of trans-
formation from peatland to other land cover classes. The 11-
day running means of simulated temperature, surface albedo,
net surface solar radiation and snow depth, as well as precip-
itation and ET, were averaged over 15 years. Results show
a positive feedback induced by peatland forestation between
decreased surface albedo and increased surface air temper-
ature in the snow-melting period. Overall, decreased albedo
in the snow-melting period and increased ET in the growing
period as a result of peatland forestation are the most impor-
tant biogeophysical aspects that cause changes in surface air
temperature. The extent of these climate effects depends on
the intensity and geological locations of peatland forestation.
In the future, with the aim of getting a more precise as-
sessment of the biogeophysical impacts of peatland foresta-
tion on regional climate conditions, more accurate land cover
maps and land surface parameters are essential. Also, a more
robust land surface scheme could enhance the representation
of interactions between land surface and climate.
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Appendix A: Methods in deriving FNFI land cover
maps
The sample of FNFI1 (1921–1924) consisted of inventory
lines oriented from southwest to northeast at a distance of
26 km across most parts of the country. The total length of
measured lines was 13 348 km, and the total number of as-
sessed land figures was 93 922. In the CLC-classification
method, mean tree height and crown cover are two impor-
tant criteria for classifying land-use classes. However, be-
cause crown cover was not measured in FNFI1, the grow-
ing stock volume corresponding to crown cover thresholds
was estimated using naturally regenerated forests and un-
ditched pine mires in FNFI9 (1996–2003) and in FNFI10
(2004–2010), according to vegetation zone, site type, mean
height and dominant tree species. Afterwards, fractions of
the 10 land cover classes that were used in this study were de-
rived for the FNFI1 sample in FNFI1 by considering land-use
class, estimated growing stock volume classes, mean height,
vegetation zone, site type and tree species composition.
For the interpolation, the FNFI1 sample lines were split
into slices with 1 km intervals in a S–N direction. The frac-
tions of the 10 land cover classes in each slice on inven-
tory line (1380 m on average) were then used in calculat-
ing sample variograms. These sample variograms are fitted
into a variogram model to derive kriging predictions using
the R version 2.15.2 package gstat (Pebesma, 2004; R De-
velopment Core Team, 2011). The block kriging was carried
out separately for the fraction of each of the 10 land cover
classes with isotropic exponential (or spherical) variogram
model and a block size of 50km× 50km. A raster map in
3 km resolution was then produced for the coverage of the 10
land cover classes.
In FNFI10, a systematic cluster sample (more de-
tails can be found at http://www.metla.fi/ohjelma/vmi/
vmi10-otanta-en.htm) of 69 388 plots was measured (Korho-
nen et al., 2013). The distance between clusters of plots (10–
14 plots/cluster) varied between 5 km (in southern Finland)
and 11 km (in northern Finland). The classification of the
FNFI10 data set was processed in a similar way to the FNFI1
data, with the exception that crown cover thresholds for clas-
sifying land-use classes can be used directly in FNFI10 be-
cause it is assessed. To derive the 3km× 3km grid map, the
cluster means of the proportions of the 10 land cover classes
were first calculated, and then the same interpolation method
was used as for FNFI1.
Appendix B: Modifications in REMO LSS in this study
In order to allocate the surface parameters to appropriate land
cover classes, the standard GLCCD land cover classes are
related to the 10 land cover classes in the FNFI maps through
comparing the definitions of land cover classes (Table B1).
Table B1. Translations between the 10 land cover classes in FNFI
maps and the GLCCD land cover classes.
FNFI GLCCD
Class Legend Class Legend
1 coniferous forest 21 conifer boreal forest
2 mixed forest 23 cool mixed forest
3 broad-leaved forest 25 cool broadleaf forest
4 artificial areas 30 cool crops and towns
5 natural grasslands 40 cool grasses and shrubs
6 peat bogs 44 mire, bog, fen
7 open spaces 53 barren tundra
8 transitional woodland/shrub 62 narrow conifers
9 moors and heathland 64 heath scrub
10 agricultural areas 93 grass crops
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Figure B1. Modified snow albedo values in the snow albedo scheme
(modified based on Fig. 3.6 in Kotlarski, 2007).
Most of the surface parameters follow the built-in parame-
ter values. However, large deviations were found when com-
paring the parameterised albedo with the observed albedo.
Moreover, the method for background albedo parameterisa-
tion is not suitable for land-use change studies because the
vegetation albedo and the soil albedo maps are both derived
from satellite albedo data that were measured in 2001–2004
with respect to land cover over that period. A new method,
Land Use Character Shifts (LUCHS), has been proposed
for land cover change studies (Preuschmann, 2012). It de-
rives the annual background albedo cycle for certain land-
use types in one region from good quality remote sensing
data sets – a surface albedo data set and a land cover mask
– that are produced in the same time period. Unfortunately,
LUCHS is not feasible for high-latitude areas where snow
cover prevents the possibility of deriving background albedo
values from satellite albedo data. Hence, a simplified method
is developed in this study to derive the background albedo
values of the 10 land cover classes in FNFI land cover maps.
It is based on the assumption that the vegetation albedo map
and the soil albedo map in current REMO LSS are feasible
to describe the albedo values of the land cover condition in
FNFI10 because the two data sets are overlapping in time.
Therefore, the soil albedo and the vegetation albedo values,
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Table B2. Derived soil albedo and vegetation albedo values with standard deviations for the land cover classes in the FNFI maps and
the threshold used for each land cover class; the minimum and maximum background albedo values (with standard deviations) in the
yearly cycle calculated based on the derived soil and vegetable albedo values are also shown, as well as the summertime albedo values
(i.e. maximum background albedo values) of the corresponding land cover classes observed at two Finnish stations (Hyytiälä, Värriö) in
Kuusinen et al. (2013).
Class Legend Threshold Mean soil Mean vegetation Maximum Minimum Maximum (Hyytiälä) Maximum (Värriö)
(%) albedo±SD albedo±SD albedo±SD albedo±SD albedo±SD albedo±SD
1 coniferous forest 80 0.091± 0.017 0.121± 0.011 0.119± 0.012 0.119± 0.012 0.102± 0.004 0.108± 0.004
2 mixed forest 80 0.077± 0.003 0.134± 0.022 0.128± 0.020 0.119± 0.017 – 0.116± 0.005
3 broad-leaved forest 80 0.091± 0.007 0.151± 0.001 0.146± 0.001 0.112± 0.005 0.143± 0.005 0.137± 0.005
4 artificial areas 50 0.090± 0.000 0.167± 0.000 0.145± 0.000 0.114± 0.000 0.147± 0.007 0.120± 0.008
5 natural grasslands 50 0.074± 0.000 0.211± 0.004 0.155± 0.002 0.077± 0.000 – –
6 peat bogs 50 0.129± 0.054 0.133± 0.011 0.132± 0.023 0.129± 0.052 0.140± 0.011 0.134± 0.006
7 open spaces 80 0.147± 0.013 0.128± 0.001 0.136± 0.007 0.147± 0.013 – –
8 transitional woodland/shrub 80 0.074± 0.003 0.131± 0.008 0.120± 0.007 0.076± 0.004 0.126± 0.004 0.128± 0.006
9 moors and heathland 80 0.124± 0.001 0.144± 0.001 0.142± 0.001 0.125± 0.001 – –
10 agricultural areas 80 0.087± 0.011 0.184± 0.011 0.156± 0.011 0.128± 0.011 0.150± 0.006 –
in model grid boxes that satisfy a requirement of 80 % cover-
age of one land cover class in FNFI10, are averaged to repre-
sent the soil and vegetation albedo values of that land cover
class. The 80 % threshold was decreased to 50 % for natu-
ral grasslands, peat bogs and artificial areas, as none of the
model grid boxes have an 80 % coverage of those land cover
classes in Finland. The derived albedo values and the stan-
dard deviations for each land cover class in FNFI maps are
shown in Table B2. The maximum background albedos, cal-
culated based on the derived soil and vegetation albedo for
FNFI land cover classes, are then compared with the sum-
mertime albedo of similar land cover classes for a south-
ern (Hyytiälä; 61◦51′ N, 24◦17′ E) and a northern (Värriö;
67◦48′ N, 27◦52′ E) Finnish observation station. The station
values are estimated by a linear unmixing approach with the
land-use and forestry maps in combination with the MODIS
BRDF/albedo product (Kuusinen et al., 2013). The derived
and observed albedo values show good agreement for peat
bogs, mixed forest, transitional woodland/shrub and agricul-
tural areas, as well as for artificial areas. Although the max-
imum albedo values of coniferous forest and broad-leaved
forest in this study are around 0.01 higher than those in
Kuusinen et al. (2013), they are reasonable for considering
albedo differences between land cover classes. The three land
cover classes (natural grasslands, moors and heathland, open
spaces) are not found at the two stations; however, they take
up only small proportions of the FNFI land cover maps.
The snow albedo scheme for calculating the surface albedo
during the snow-cover period was also found to require some
improvements. When there is snow on the ground, the sur-
face albedo in REMO LSS is a function of background
albedo, snow albedo and snow depth. The snow albedo de-
pends linearly on snow surface temperature and fr (Kotlarski,
2007). Based on previous studies (Køltzow, 2007; Räisänen
et al., 2014; Roesch et al., 2001), the minimum snow albedo
at snow surface temperature T = 0 ◦C (amin) and the maxi-
mum snow albedo at snow surface temperature T ≤−10 ◦C
(amax) of non-forested area (fr= 0) in this study were in-
creased from 0.4 to 0.56 and decreased from 0.8 to 0.68 re-
spectively; in addition, the amin and amax of fully forested
area (fr= 1) were both decreased to 0.25 (Fig. B1). For
descriptions of the dynamics of snow cover, the interested
reader is referred to Kotlarski (2007).
Moreover, the three parameters for describing the sub-
grid heterogeneity of soil hydrology (Hagemann and Gates,
2003), Beta, Wmin and Wmax, were calculated in a subgrid
scale of 6 km resolution. It is one-third of the 18 km REMO
resolution. The reason for this is that the spatial resolution of
the FNFI land cover maps is 3 times lower than that of the
default GLCCD land cover map.
Corrections were also made to some of the surface param-
eters of coniferous forest and mixed forest to obtain a better
mutual consistency of the surface parameters for the three
forest types. For coniferous forest, the fractional green vege-
tation cover in the dormancy season, the growing seasons and
the forest ratio were set to 0.91, 0.91 and 0.8 respectively,
as proposed for Fennoscandia by Claussen et al. (1994). For
mixed forest, the fractional green vegetation cover and LAI
in the dormancy season were revised to be half of those pa-
rameters in the growing season.
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Abstract. Droughts can have an impact on forest func-
tioning and production, and even lead to tree mortality.
However, drought is an elusive phenomenon that is diffi-
cult to quantify and define universally. In this study, we
assessed the performance of a set of indicators that have
been used to describe drought conditions in the summer
months (June, July, August) over a 30-year period (1981–
2010) in Finland. Those indicators include the Standardized
Precipitation Index (SPI), the Standardized Precipitation–
Evapotranspiration Index (SPEI), the Soil Moisture Index
(SMI), and the Soil Moisture Anomaly (SMA). Herein, re-
gional soil moisture was produced by the land surface model
JSBACH of the Max Planck Institute for Meteorology Earth
System Model (MPI-ESM). Results show that the buffering
effect of soil moisture and the associated soil moisture mem-
ory can impact on the onset and duration of drought as in-
dicated by the SMI and SMA, while the SPI and SPEI are
directly controlled by meteorological conditions.
In particular, we investigated whether the SMI, SMA and
SPEI are able to indicate the Extreme Drought affecting For-
est health (EDF), which we defined according to the ex-
treme drought that caused severe forest damages in Finland
in 2006. The EDF thresholds for the aforementioned indi-
cators are suggested, based on the reported statistics of for-
est damages in Finland in 2006. SMI was found to be the
best indicator in capturing the spatial extent of forest dam-
age induced by the extreme drought in 2006. In addition,
through the application of the EDF thresholds over the sum-
mer months of the 30-year study period, the SPEI and SMA
tended to show more frequent EDF events and a higher frac-
tion of influenced area than SMI. This is because the SPEI
and SMA are standardized indicators that show the degree of
anomalies from statistical means over the aggregation period
of climate conditions and soil moisture, respectively. How-
ever, in boreal forests in Finland, the high initial soil mois-
ture or existence of peat often prevent the EDFs indicated
by the SPEI and SMA to produce very low soil moisture
that could be indicated as EDFs by the SMI. Therefore, we
consider SMI is more appropriate for indicating EDFs in bo-
real forests. The selected EDF thresholds for those indicators
could be calibrated when there are more forest health obser-
vation data available. Furthermore, in the context of future
climate scenarios, assessments of EDF risks in northern ar-
eas should, in addition to climate data, rely on a land surface
model capable of reliable prediction of soil moisture.
1 Introduction
Drought can be essentially defined as a prolonged and ab-
normal moisture deficiency (World Meteorological Organi-
zation, 2012). However, the cumulative nature of drought, the
temporal and spatial variance during drought development,
and the diverse systems that drought could have an impact
on make drought difficult to quantify and define universally
(Heim, 2002). The American Meteorological Society (1997)
classifies drought into four categories: meteorological or cli-
matological drought, agriculture or soil moisture drought,
hydrological drought, and socio-economic drought. Drought
is principally induced by a lack of precipitation. Furthermore,
Published by Copernicus Publications on behalf of the European Geosciences Union.
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high atmospheric water demand, due to warm temperatures,
low relative humidity, and changes in other environmental
variables, often coincides with the absence of precipitation
(Hirschi et al., 2011). Through land–atmosphere interactions,
prolonged meteorological drought can further exacerbate soil
moisture drought, or even hydrological drought (Mishra and
Singh, 2010; Tallaksen and Van Lanen, 2004).
A number of drought indicators have been developed in
the past in order to quantify the characteristics of the dif-
ferent drought types and their potential impacts on diverse
ecosystems and societies (Heim, 2002). The most promi-
nent and widely used drought indicator is the Standard-
ized Precipitation Index (SPI), which has been recommended
as a standard drought indicator by the World Meteorolog-
ical Organization (WMO) due to its flexibility for various
timescales, simplicity in input parameters and calculation,
as well as effectiveness in decision making (Sheffield and
Wood, 2011; Hayes et al., 2011). The SPI was developed to
provide a spatially and temporally invariant comparison of
drought determined by precipitation at different timescales
(McKee et al., 1993, 1995). The Standardized Precipitation–
Evapotranspiration Index (SPEI) is developed based on the
SPI, and, in addition to precipitation, also accounts for tem-
perature impacts on drought (Vicente-Serrano et al., 2010).
Soil moisture status has been explored through the Soil Mois-
ture Anomaly (SMA) and Soil Moisture Index (SMI). The
SMA has been adopted in the Coupled Model Intercompari-
son Project (CMIP) in order to study soil moisture drought in
present and future projections in Global Circulation Models
(GCMs) (Orlowsky and Seneviratne, 2013). The SMI (also
referred to as Relative Extractable Water – REW) is often
used to investigate soil water related plant physiology issues,
as it can represent the relative plant available water in the root
zone (Lagergren and Lindroth, 2002; Granier et al., 1999).
Those drought indicators are globally applicable. However,
only few studies have examined drought indicators against
drought impact data in regional level (Blauhut et al., 2015).
Drought studies in northern Europe are quite rare due to the
low occurrence of drought. Nevertheless, a soil moisture in-
dex calculated with simulated soil moisture have been tested
with the forest health observation data in Finland in Muukko-
nen et al. (2015).
Boreal forests have been recognized as a tipping element
of the Earth system as they are highly sensitive to climate
warming (Lenton et al., 2008). Bi et al. (2013) reported that
satellite observations show substantial greening of Eurasia
with climate warming; however, browning in the boreal re-
gion of Eurasia has also been found despite a much larger
fraction of browning in the boreal region of North America
due to less precpitation. Forest damage induced by drought
is a cumulative effect and is closely linked to soil mois-
ture (Granier et al., 2007). Reduction of tree transpiration
at the stand level induced by the low soil moisture condi-
tion has been broadly observed in most tree species (Irvine
et al., 1998; Bréda et al., 1993; Clenciala et al., 1998). In
recent years, micrometeorological flux networks with inten-
sive ancillary data have greatly supported the investigation
of the relationship between drought and carbon fluxes over
diverse ecosystems (Grossiord et al., 2014; Krishnan et al.,
2006; Welp et al., 2007; Law et al., 2002; Grünzweig et al.,
2003). In general, those studies observed a growth reduction
in forests as a consequence of drought. In addition to a re-
duction in forest productivity (Ciais et al., 2005; Granier et
al., 2007), severe drought can lead to tree mortality in bo-
real forests (Allen et al., 2010; Peng et al., 2011). In spite
of the frequency, duration and severity of droughts, drought-
induced forest damages may be connected to specific soil and
plant characteristics, such as soil texture and depth, exposure,
species and their composition, and life stage (Muukkonen et
al., 2015; Grossiord et al., 2014; Dale et al., 2001; Gimbel
et al., 2015). Disturbance of boreal forests could give rise
to further feedbacks to the global climate system, due to the
complex interactions between boreal forests and the climate
system via the control on energy, water, and carbon cycles
(Bonan, 2008; Ma et al., 2012).
Soil moisture strongly regulates transpiration and photo-
synthesis for most terrestrial plants, consequently modulat-
ing water and energy cycles of the landscape, as well as bio-
geochemical cycles of the plants (Seneviratne et al., 2010;
Bréda et al., 2006). Nevertheless, ground observed soil mois-
ture is limited in time and space (Seneviratne et al., 2010).
Regional analysis is necessary to fully capture the spatial
heterogeneity of the impacts of drought on ecosystem func-
tioning (Aalto et al., 2015). In recent years, a multi-decadal
global soil moisture record that incorporates passive and ac-
tive microwave satellite retrievals has become available (Liu
et al., 2012). However, microwave remote sensing can only
provide surface soil moisture in the upper centimetres of the
soil. Land surface models (LSMs) are valuable tools to de-
rive spatial maps of soil moisture in deeper soil layers, for
instance, the root-zone soil moisture, which is of particular
importance in many climate studies (Hain et al., 2011; Rebel
et al., 2012; Seneviratne et al., 2010).
This study aims to improve our understanding of the prop-
erties of different drought indicators (including SPI, SPEI,
SMA, and SMI), and assess their ability to indicate the Ex-
treme Drought that affects Forest health (EDF) in boreal
forests in Finland. The EDF is defined in this study according
to the extreme drought in Finland in 2006, which caused vis-
ible impacts on forest appearance compared to normal years
(Muukkonen et al., 2015). For the soil moisture drought in-
dicators (SMA, SMI), regional soil moisture was simulated
by the JSBACH LSM of the Max Planck Institute for Mete-
orology Earth System Model (MPI-ESM) with its five layer
soil hydrology scheme. Thus, this study also aims to gain
insights into the capability of the five layer soil hydrology
scheme with its parameters in the JSBACH LSM to simulate
soil moisture dynamics across Finland. The outcome of this
study provides suggestions on the selection and interpreta-
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Figure 1. (a) The forest cover fraction over Finland in JSBACH derived according to Corine land cover 2006 data; (b) soil depth and the soil
type (categorized as peatland and mineral soil) distributions in JSBACH over Finland (peatland area – dotted area; mineral soil area – area
without dots). Northern (NF) and southern Finland (SF) are divided at the 65N latitude. The location of the three ecosystem sites used in
this study are marked as stars on the map (Blue–Hyytiälä; Yellow–Sodankylä; Pink–Kenttärova). The uncovered grid boxes (grey cells) in
Finland represent inland lakes.
tion of drought indicators for estimating EDF risks in boreal
forests in future climate scenarios.
2 Study area and observation-based data sets
2.1 Study area
Our study area is focused on Finland (Fig. 1). Finland is a
northern European country, situated between 60 and 70 N
in the north-western part of the Eurasian continent, close to
the North Atlantic Ocean.
The temperature of Finland is generally moderate, com-
pared to many other places at the same latitudes (Tikkanen,
2005). This is because the westerly winds bring warm air
masses from the North Atlantic Ocean in winter, while in
summer they bring clouds that decrease the amount of in-
coming solar radiation. However, the continental high pres-
sure system located over the Eurasian continent occasionally
influences the climate causing warm and cold spells in sum-
mer and winter, respectively. The precipitation in Finland
is influenced by the Scandinavian mountain range, which
blocks large amounts of moisture that are transported from
west to east. Both temperature and precipitation show spatial
variations along a south to north gradient. The annual mean
surface temperature is about 5–6 C in the south of Finland
and extends below 2 C in the coldest area located in north-
ern Lapland. Annual precipitation, averaged over the 1971–
2000 period, is more than 700 mm in the south and less than
400 mm in the north (Aalto et al., 2013; Drebs et al., 2002).
In addition to mineral soils, a high areal fraction of peat-
land is typical for Finland, especially in the north of the
country. Shallow soil areas accompanied with bare rocks are
mostly located around the coastline in southern Finland and
are also found in north-west Finland, which is a part of the
Scandinavian mountain range.
Coniferous forest, including Scots pine and Norway
spruce, is the dominant forest type in Finnish boreal
forests (Finnish Statistical Yearbook of Forestry 2012, 2012).
Broadleaved forest accounts for less than 10 % of the forest
area. In total, 75 % of the total forest land area is located on
mineral soils. In the past, large areas of unproductive peat-
lands have been drained to grow forests in Finland, as a re-
sult of the originally high proportion of pristine peatlands
and timber production requirements (Päivänen and Hånell,
2012).
2.2 Meteorological and soil moisture data
The gridded meteorological data compiled by the Finnish
Meteorological Institute (FMI gridded observational data)
are interpolated products from stand meteorological obser-
vations in Finland (Aalto et al., 2013). In this study, daily
FMI gridded observational data were used on a 0.2 lon-
gitude  0.1 latitude grid for the period 1981–2010. These
data comprise daily mean, minimum, and maximum temper-
atures, precipitation, relative humidity, and incoming short-
wave radiation. In addition, the 10 m wind speed of ECWMF
ERA-Interim reanalysis data (Simmons et al., 2007) was
used to calculate the reference evapotranspiration (ET0) for
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Table 1. Characteristics of the three micrometeorological sites. The plant functional types and the soil types in the JSBACH site simulations
corresponding to observed tree species and soil types at the three sites are shown in brackets.
Site Location Period Main tree Soil type Analysed Measurement Reference
specie measurement technique
depth of soil for soil
moisture moisture
(cm)
Hyytiälä 61◦51′ N, 1999– Scots Pine Haplicpodzol −5 to −23; TDR Vesala et
24◦18′ E 2009 (Conifers) (Mineral) −23 to −60 al. (2005)
Sodankylä 67◦21′ N, 2001– Scots Pine Sandy Podzol −10, −20, −30 ThetaProbe Thum et
26◦38′ E 2008 (Conifers) (Mineral) (averaged) al. (2008)
Kenttärova 67◦59′ N, 2008– Norway Spruce Podzol −10 ThetaProbe Aurela et
24◦15′ E 2010 (Conifers) (Mineral) al. (2015)
SPEI from the Penman–Monteith equation (Allen et al.,
1994).
In addition, meteorological and soil moisture data at
three micrometeorological sites were used as meteorolog-
ical forcing for site level simulations and for a compari-
son of modelled and observed soil moisture, respectively
(Fig. 1; Table 1). Soil parameters derived from observations
are only available for the Hyytiälä site (water content at
saturation (θSAT)= 0.50 m3 m−3, water content at field ca-
pacity (θFC)= 0.30 m3 m−3, water content at wilting point
(θWILT)= 0.08 m3 m−3). As explained in more detail below,
we used the second layer of simulated soil moisture in the
JSBACH soil profile (layer 2; 6.5–30 cm). Therefore, the ob-
served soil moisture data were taken from existing measure-
ment depths, which are consistent with the JSBACH layer 2
soil depth. For the Sodankylä site, an average of the measure-
ments at soil depths −10, −20, and −30 cm was employed
and for the Kenttärova site, the measurement at −10 cm was
used. The two levels in the Hyytiälä soil moisture measure-
ment, −5 to −23 and −23 to −60 cm, were both used.
2.3 Forest health observation data
We adopted the yearly forest drought damage percentage
in Finland from Muukkonen et al. (2015), who based their
analysis on the forest health observation data from a pan-
European monitoring programme ICP Forests (the Interna-
tional Co-operative Programme on the Assessment and Mon-
itoring of Air Pollution Effects on Forests). The visual for-
est damage symptom inspections have been carried out by
10–12 trained observers during July–August since 2005, fol-
lowing internationally standardized methods (Eichorn et al.,
2010) and national field guidelines (e.g. Lindgren et al.,
2005). When a single sample tree in a site showed drought
symptoms, it was recognized as a drought damage site.
Therefore, uncertainties can rise from different personal in-
terpretations and inappropriate time point of the visual in-
spections.
A 4-year (2005–2008) period of forest health observation
data were analysed in Muukkonen et al. (2015). The sum-
mer of 2006 was extremely dry, and 24.4 % of the 603 for-
est health observation sites over entire Finland were affected,
in comparison to 2–4 % damaged sites in a normal year.
In southern Finland, 30 % of the observational sites showed
drought symptoms.
3 Methods
3.1 JSBACH land surface modelling
JSBACH (Raddatz et al., 2007; Reick et al., 2013) is the
LSM of the Max Planck Institute for Meteorology Earth
System Model (MPI–ESM) (Stevens et al., 2013; Roeck-
ner et al., 1996). It simulates energy, hydrology, and car-
bon fluxes within the soil–vegetation continuum and between
the land surface system and the atmosphere. Diversity of
vegetation is represented by plant functional types (PFTs).
A set of properties are attributed to PFTs with respect to
the various processes JSBACH is accounting for. For soil
hydrology, a bucket scheme was originally used, in which
the maximum water that can be stored in the soil moisture
reservoir (Wcap) corresponds to the root-zone water content
(Hagemann, 2002). The bucket can be supplied from precipi-
tation and snowmelt, but depleted through evapotranspiration
(evaporation from the upper 10 cm of soil and plant transpi-
ration from below), and lateral drainage. These processes are
related to the amount of soil moisture in the bucket and are
regulated by the Arno scheme, which separates rainfall and
snowmelt into surface run-off and infiltration, and considers
soil heterogeneity (Dümenil and Todini, 1992).
In order to more adequately simulate the soil hydrology, a
five layer soil hydrology scheme has been newly introduced
in JSBACH (Hagemann and Stacke, 2015). The five layer
structure is defined with increasing layer thickness (0.065,
0.254, 0.913, 2.902, and 5.7 m) and reaches almost 10 m
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depth below the surface. However, the soil depth to the bed
rock, determines the active soil layers. Therefore, in the five
layer soil hydrology scheme, the root zone is differentiated
into several layers, and there could be soil layers below the
root zone, which transport water upwards for transpiration
when the root zone has dried out. Moreover, evaporation
from bare soil can occur when the uppermost layer is wet,
while the whole soil moisture bucket must be largely sat-
urated in the bucket scheme. For a more detailed descrip-
tion of the five layer soil hydrology scheme in JSBACH
and how it affects soil moisture memory, see Hagemann and
Stacke (2015).
In this work, the regional JSBACH simulation was driven
by the prescribed meteorological data (1980–2011) simu-
lated by the regional climate model REMO (Jacob, 2001;
Jacob and Podzun, 1997), whose temperature and precipi-
tation biases were corrected with the FMI gridded observa-
tional data (Aalto et al., 2013). A quantile–quantile type bias
correction algorithm was applied to daily mean temperature
(Räisänen and Räty, 2013), while daily cumulative precipita-
tion was corrected using parametric quantile mapping (Räty
et al., 2014). The ECWMF ERA-Interim reanalysis (Dee et
al., 2011) was used as lateral boundary data for the climate
variables and as the initial values of surface climate vari-
ables for the REMO simulation. Both the regional JSBACH
and REMO simulations were conducted in the Fennoscan-
dian domain centred on Finland with a spatial resolution of
0.167◦ (15–20 km). The land cover distribution for REMO
and the corresponding PDF distribution for JSBACH over
this domain were derived from the more up-to-date and more
precise Corine land cover 2006 data (European Environment
Agency, 2007) rather than the standard GLCCD (US Ge-
ological Survey, 2001), which is important for simulating
land–atmosphere interactions (Gao et al., 2015; Törmä et
al., 2015). Finland is a country predominantly covered by
forests. The forest cover fraction over Finland in JSBACH
derived according to the Corine land cover 2006 data is
shown in Fig. 1a. Also, an improved FAO (Food and Agricul-
ture Organization of the United Nations) soil type distribu-
tion is adopted in the JSBACH LSM (FAO/UNESCO (1971–
1981); see Hagemann and Stacke (2015), for details), while
the soil depth distribution is derived from the soil type data
set and FAO soil profile data (Dunne and Willmott, 1996)
(Fig. 1b).
In addition, simulations were carried out for the three mea-
surement sites with the observed local meteorological forc-
ing. The characteristics of the sites together with the corre-
sponding model settings are described in Table 1.
Prior to the actual regional and site level JSBACH simula-
tions, long-term spin-ups were conducted to obtain equilib-
rium for the soil water and soil heat.
3.2 Drought indicators
A set of hydro-meteorological indicators were analysed. The
SPI, SPEI, and SMA are standardized indicators that show
the degree of anomalies to long-term means over the ag-
gregation period, while SMI describes the instantaneous soil
moisture status normalized with total soil moisture storage
available to plants. In this study, daily SMI was used. The
SPI, SPEI, and SMA were calculated with a 4-week (28 days)
aggregation time frame, but they were updated every day
with running inputs over the 30-year period. Both the 4-week
aggregation time frame and 30-year study period are consid-
ered to be of sufficient duration climatologically under WMO
guidelines (World Meteorological Organization, 2012). The
SPI and SPEI were calculated using both the FMI gridded
observational data set and the regional JSBACH forcing data
described in the previous chapter, while SMA and SMI were
computed with the layer 2 soil moisture from the regional JS-
BACH simulation. In addition, the SMIs were derived from
site soil moisture observations, as well as from site JSBACH
simulations. The layer 2 soil moisture from the JSBACH sim-
ulations was used, because the soil moisture in the shallower
layer (layer 1) is highly sensitive to small changes in climatic
variables, and the soil moisture dynamics in the deeper lay-
ers are excessively suppressed. Furthermore, the layer 2 is
representative of the root zone in forest soils.
3.2.1 Soil moisture index
The SMI is a measure of plant available soil water content
relative to the maximum plant available water in the soil
(Betts, 2004; Granier et al., 2007; Seneviratne et al., 2010).
The soil water above field capacity cannot be retained, and
produces gravitational drainage and usually flows laterally
away. The soil water below the wilting point is strongly held
by the soil matrix to such an extent that the plants are unable
to overcome this suction to access the water (Hillel, 1998).
The SMI is calculated as follows:
SMI= (θ − θWILT)/(θFC− θWILT) ,
where θ is the volumetric soil moisture [m3H2O m
−3
soil], θFC is
the field capacity, θWILT is the permanent wilting point.
Note that soil water content can exceed θFC and reach
water-holding capacity (i.e. saturation ratio) under certain
circumstances. For those cases, the SMI is set to 1, indicat-
ing maximum plant available water. θFC and θWILT depend
on soil types in this study, although θWILT is also related to
PFTs in some other studies. At Hyytiälä, θSAT (saturation ra-
tio) was used instead of θFC to be consistent with the JS-
BACH soil hydrology where θFC acts as a proxy for θSAT on
the large ESM grid scale (Hagemann and Stacke, 2015).
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3.2.2 Soil moisture anomaly
The SMA is an index relevant to plant functioning (Burke
and Brown, 2008). The SMA depicts the deviation of the soil
moisture status in a certain period of a year to the soil mois-
ture climatology over this period. It can be normalized by
the standard deviation of the soil moisture in this respective
period over all years, for direct comparison with the other
standardized drought indicators, e.g. SPI, SPEI.
The SMA in this study is calculated following the method
of Orlowsky and Seneviratne (2013):
SMA= (θ −µ)/σ ,
where θ denotes the averaged volumetric soil moisture over
a certain period in a year, while µ and σ denote the mean
and standard deviation of the volumetric soil moisture of this
period over all the studied years.
3.2.3 Standardized precipitation index
The SPI inspects the amplitudes of precipitation anomalies
over a desired period with respect to the long-term normal.
The homogenized precipitation series is fitted into a normal
distribution to define the relationship of probability to pre-
cipitation (Edwards and McKee, 1997). In this work, a Pear-
son type III distribution is adopted because it is more flexible
and universal with its three parameters in fitting the sample
data than the two parameter Gamma distribution (Guttman,
1994, 1999). The parameters of the Pearson type III distri-
bution are fitted by the unbiased probability-weighted mo-
ments method. Typically, the timescales of SPI range from
1–24 months. The reduced precipitation under various dura-
tions can illustrate the impacts of drought on different wa-
ter resources (Sivakumar et al., 2011). A time frame of less
than 1 month is not recommended as the strong variability in
weekly precipitation may lead to erratic behaviour in the SPI
(Wu et al., 2007). However, the “moving window” of a min-
imum of 4 weeks with daily updating is acceptable (World
Meteorological Organization, 2012). Furthermore, attention
should be paid when interpreting the 1 month SPI to prevent
misunderstanding. Large values in the 1 month SPI can be
caused by relatively small departures from low mean precip-
itation (World Meteorological Organization, 2012).
The SPI is a probabilistic measure of the severity of a dry
or wet event. An arbitrary drought classification with spe-
cific SPI thresholds was defined by McKee et al. (1993).
Recently, an objective method based on percentiles from
the United States Drought Monitor (USDM) has been rec-
ommended for defining location-specific drought thresholds
(Quiring, 2009). For calculating SPI, we used the SPI func-
tion in R package SPEI version 1.6 (Beguería and Vicente-
Serrano, 2013).
3.2.4 Standardized precipitation–evapotranspiration
index
The SPEI is similar to SPI mathematically, but also accounts
for the impact of temperature variability on drought through
atmospheric water demand, in addition to the water supply
from precipitation (Vicente-Serrano et al., 2010). The SPEI
is based on a climatological surface water balance, which is
calculated as the differences between precipitation and ET0.
In this work, ET0 was calculated according to the FAO-56
Penman–Monteith equation (Allen et al., 1994; Beguería and
Vicente-Serrano, 2013), which is predominately a physical-
based method and has been tested over a wide range of cli-
mates (Ventura et al., 1999; López-Urrea et al., 2006). The
water balance time series is normalized by a log-logistic
probability distribution and its parameter fitting is based on
the unbiased probability-weighted moments method. For cal-
culating SPEI, we used the SPEI function in R package SPEI
version 1.6 (Beguería and Vicente-Serrano, 2013).
3.3 Assessment of JSBACH simulated soil moisture
dynamics
In order to evaluate the ability of JSBACH simulated soil
moisture to detect drought, the SMI series at the three study
sites from the site and the regional (the model grids where
the sites are located) JSBACH simulations were compared
with the observed soil moisture data over the common data
coverage periods (Table 1). SMI based on the Hyytiälä ob-
servational data was calculated with θSAT and θWILT values
measured at the site. Due to the lack of measured soil param-
eters at the Sodankylä and Kenttärova sites, the volumetric
soil moisture measurements were directly used to examine
the simulated soil moisture dynamics. An upper limit was set
on the presented volumetric soil moisture to exclude abrupt
and instantaneous peaks due to heavy snow melting or pre-
cipitation.
3.4 Intercomparison of drought indicators
The temporal and spatial coherency between the drought in-
dicators was investigated at the regional level. The time cor-
relations over our study period between the SPI calculated
with the observational data set and the SPI calculated with
the JSBACH forcing data were derived for the grid boxes
in Finland. The same approach was adopted for the SPEIs.
Moreover, the time correlations between the meteorological-
based drought indicators (SPI, SPEI) calculated with the JS-
BACH forcing data and the soil moisture-based drought in-
dicators (SMI, SMA) calculated with the JSBACH simulated
soil moisture were derived for the grid boxes in Finland, as
well as the time correlation between SMI and SMA. Further-
more, the spatial and temporal evolution of drought depicted
by indicators was compared through time–latitude transec-
tions.
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Figure 2. Soil moisture dynamics at the three micrometeorological sites: (a) Hyytiälä, (b) Sodankylä and (c) Kenttärova, comparing re-
sults from regional (the model grid boxs where the sites are located) and site JSBACH simulations with observations. The volumetric soil
moisture () is shown for the Sodankylä and Kenttärova sites.
3.5 Selection of EDF thresholds for indicators
According to the forest health observation data, we consider
the 30 % forest damaged sites in southern Finland as the frac-
tion of the area influenced by the severe drought in 2006,
which is a reasonable assumption based on the dense and
even distribution of observation sites over southern Finland.
Based on this information, we utilized the cumulative area
distributions of the SMI and SMA over southern Finland
during the driest 28-day period of southern Finland in 2006
(i.e. in the case of SMI, this is the lowest 28-day-running
mean value averaged over southern Finland) to derive their
thresholds for this kind of extreme drought. Herein, as SMA
was calculated with 28-day-running means for soil moisture,
the same time window was adopted for SMI to be consis-
tent with SMA. The SPEI threshold for extreme drought is
selected as 2 % of the SPEI data series, according to the rec-
ommended percentile classification (Quiring, 2009).
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4 Results and discussion
4.1 Comparison of site soil moisture dynamics from
JSBACH simulations with observations
In general, the timing of dry spells in summer in most of
the years of the simulated soil moisture corresponded well
with the observations at the three sites (Fig. 2). There was
good agreement between the minimum values reached by
the simulated and observed SMIs in summertime at Hyytiälä.
The late summer of 2006 was noticeable as being extremely
dry in the simulations and observations at Hyytiälä and So-
dankylä. At Kenttärova, the extent of the SMI was quite dif-
ferent in the regional and site JSBACH simulations. This was
mainly because different soil types are prescribed for this
site, which affects not only the soil hydrology but also the
values of SMI. In the regional simulation, Kenttärova was
situated in a peat soil area, while in reality and in the site
simulation the site is classified within a mineral soil area. The
soil type in an individual grid for the regional simulation is
homogeneous and defined according to the soil type with the
highest coverage. The summer of 2010 was the driest among
the three years at Kenttärova according to the observation,
and the timing of the driest period after mid-summer shown
in the observations was successfully captured by the site sim-
ulation. Moreover, the soil at Kenttärova was mostly unsat-
urated during those three years, even in the site simulations
where it was realistically represented as a mineral soil. This
is related to the small amount of precipitation during those
years.
The diverse features of soil moisture among these sites in
wintertime were captured by JSBACH. The soil tends to be
saturated at Hyytiälä in winter, whereas at Sodankylä and
Kenttärova there is a winter recession period of soil mois-
ture when the soil tends to dry out. At Hyytiälä, the differ-
ence is due to infiltration of snowmelt water during inter-
mittent periods when air temperature is above 0C, while at
Sodankylä and Kenttärova, periods when the surface soil is
frozen are more persistent and only percolation takes place
then. The exceptionally low soil moisture during the win-
ter 2003–2004 was also well simulated for Hyytiälä. This
winter dry spell was caused by low rainfall in autumn 2003
and the relatively cold winter afterwards when there was not
enough snowmelt water to recharge the deficit volume. This
autumn-to-winter drought in 2003 at Hyytiälä was a rain to
snow season drought (a precipitation deficit in the rainy sea-
son and at the beginning of the snow season) in combina-
tion with a cold snow season drought (see Van Loon and
Van Lanen (2012) for the drought typology). The winter re-
cession period of soil moisture at Kenttärova is longer than
that in Sodankylä, probably because Kenttärova is located at
higher latitudes. Large and obvious decreases in soil water
immediately after the winter recession periods of soil mois-
ture in 2008 and 2009 were shown by the site simulation, but
not by the regional simulation. This is due to less precipita-
Figure 3. Percentiles of the time correlation coefficients across the
grid boxes over Finland. The time correlations over the study period
between the SPIs and SPEIs derived from the JSBACH forcing data
and the observational data set (SPIforcing vs. SPIobs, SPEIforcing
vs. SPEIobs), and the time correlations between SPI, SPEI calcu-
lated with the JSBACH forcing data and SMI, SMA calculated with
the JSBACH simulated soil moisture (SPIforcing vs. SMI, SPIforcing
vs. SMA, SPEIforcing vs. SMI, SPEIforcing vs. SMA), as well as
the time correlation between SMI and SMA calculated with the JS-
BACH simulated soil moisture (SMI vs. SMA), are investigated.
Dashed lines extend from 5th to 95th percentile of the correlation
coefficients over Finland, boxes extend from 25th to 75th percentile
and middle horizontal lines within each box are the medians. Those
correlation coefficients are statistically significant (p< 0.01).
tion during this period in the meteorological forcing data for
the site simulation, in comparison to the regional simulation
(data not shown). Moreover, the balance between water con-
sumption through evapotranspiration and water gained from
snowmelt was more negative in the site simulations. In gen-
eral, the layer 2 soil moisture in the regional simulation for
Kenttärova captures the observed soil moisture dynamics at
10 cm depth better. However, a full evaluation would re-
quire observational data from several closely spaced soil lay-
ers.
Overall, the timing of summer dry spells and the winter
characteristics of the observed soil moisture at the three sites
were well captured by the simulated soil moisture, although
the simulated soil moisture shows larger amplitudes and a
faster response to changes in water inputs. The discrepancies
in soil moisture between the site and the regional JSBACH
simulations are mainly due to the differences in precipitation
in summertime and in surface temperature during winter in
the meteorological forcing data, as well as different soil types
in specific locations. The latter is related to the difference in
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scales between the regional grid and the site. Soil charac-
teristics tend to be heterogeneous, so that the characteristics
may vary on scales from a metre to a kilometre. While for
modelling on the regional grid, effective soil characteristics
are chosen that represent the average characteristics of a grid
box.
4.2 Intercomparison of drought indicators
The time correlations between the regional results of those
drought indicators over our study period showed high corre-
lation coefficients over Finland (Fig. 3). The medians of the
time correlation coefficients over the whole of the country
were greater than 0.6; with the 5 % percentiles also greater
than 0.5, with the exception of the correlation coefficient be-
tween SMA and SPI. The agreement between SPEIs calcu-
lated with the JSBACH forcing data and the FMI gridded
observational data set was better than that for SPIs. Further-
more, the soil moisture-based drought indicators revealed a
better correspondence with SPEI than with SPI, which is rea-
sonable as SPEI is based on the water balance. Therefore, in
the following, we will focus on SPEI as the climatic driver
indicator, and as there was a good correlation between the
JSBACH forcing data and the FMI gridded observational
data-based SPEIs, we restricted the data set by using the
JSBACH forcing data-based SPEI, which was better related
to the two soil moisture-based drought indicators from the
model. Moreover, the correlation between SPEI and daily
SMI was higher than that between SPEI and SMA. This is
especially true for peatland areas while the correlations in
mineral soil areas are more similar (see regional maps in the
Supplement). This results from different soil moisture mem-
ory effects in those soil types.
From the time–latitude transections of the selected indi-
cators (Fig. 4), the most exceptional dry years in our study
period (e.g. 1994, 2006) can be distinguished, as well as the
exceptionally wet years (e.g. 1981, 1998). Although there is
generally a good correlation among all three indicators in
capturing drought, there are differences among them in de-
picting drought durations and latitudinal extent at detailed lo-
cations and time. First, SPEI and SMA generally show more
consistent patterns extending through a wider range of lat-
itudes than SMI. Also, the buffering effect of soil moisture
and the associated soil moisture memory can delay and ex-
tend dry or wet events as indicated by SMI and SMA, in com-
parison to those by the SPEI. For instance, the dry period in
1992 over southern Finland in SMI and SMA is longer than
that in SPEI, and the wet period in the same year over north-
ern Finland as indicated by SMA starts later in comparison
to SPEI; however, this difference is not shown by SMI. Sec-
ond, SMI exhibits a more distinct south–north gradient than
the other two indicators. In particular, SMI describes more
frequent droughts in the extreme southern parts of Finland.
This is because the shallow soil in those areas is more sensi-
tive to climate drivers. However, there is much less drought
indicated by SMI in the extreme northern part of the coun-
try (above 68◦ N). This could be due to the atmospheric wa-
ter demand at the same SPEI drought level in the north is
weaker than that in the south. In other words, the deviation
of the multi-year mean value in precipitation surplus (precip-
itation− evapotranspiration) can lead to a higher change in
SPEI values in the very north of Finland than in the south, as
the variability of the climate in the north of Finland is lower.
Third, SMI between latitudes 66 and 68◦ N shows an evident
narrow range; i.e., the soil is not saturated or deeply dried
out. This is due to the abundance of peatland areas with a
larger soil moisture buffer than mineral soil areas.
SMI values vary within different ranges for the peatland
and mineral soil areas in southern and northern Finland,
whereas SMA and SPEI, as they are standardized indica-
tors, show no differences regarding the soil type or location
(Fig. 5). The regionally averaged SMI over the peatland areas
mainly varies from 0.4 to 0.6 in both the south and north of
Finland, while the SPEI averaged over the same area ranges
between −2.0 and 2.0. SMI in the mineral soil shows larger
variations compared to peat soil under the same climatic con-
ditions. The SMI averaged over the mineral soil areas ranges
between 0.1 and 1.0 in the south of Finland and 0.4 to 1.0 in
the north of Finland. The higher values associated with the
regionally averaged SMI in the north are due to less shallow
soils and less meteorological drought in comparison to the
south.
4.3 EDFs indicated by drought indicators
Our results showed that the driest 28-day periods of south-
ern Finland in 2006 were the same (from 20 July to 16 Au-
gust) for SMI and SMA. The SMI and SMA thresholds for
the EDF are 0.138 and −2.287, respectively (Fig. 6). More-
over, according to the recommended percentile classification
(Quiring, 2009), the SPEI threshold for extreme drought,
which is selected as 2 % of the SPEI data series, is −1.85
averaged over the grid boxes in Finland (−1.843 averaged
over southern Finland). The averaged SPEI values over the
EDF influenced areas in Finland depicted by SMI and SMA
for the same period are −1.84 and −1.89, which are very
close to the percentile-dependent SPEI threshold for extreme
drought. This demonstrates that the degrees of EDF de-
scribed by the derived SMI and SMA thresholds are consis-
tent with the percentile-based threshold of extreme drought
for SPEI, which is taken as the EDF threshold for SPEI.
Furthermore, we compared the regional distributions of
the areas influenced by the 2006 EDF in the driest 28-day
period indicated by SMI, SMA and SPEI (Fig. 7). The SMI
showed that the EDF influenced areas were mainly located
in southern Finland, whereas the SMA showed more EDF
affected areas located in the middle to northern part of the
country (mainly above 64◦N). The EDF influenced areas
presented by SMA in the north were mainly located in peat-
land areas, where the porosity of peat is much higher than
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Figure 4. Latitude–time transections of (a) SPEIforcing, (b) SMA, and (c) SMI over Finland in the study period (the summer months (June,
July, August) in 1981–2010).
that of mineral soils. Although there was a strong decrease
in relative soil moisture with respect to the long-term mean
value in those areas during this EDF event, the absolute soil
moisture was not sufficiently low for those areas to be recog-
nized as EDF in terms of SMI (Fig. 5). Moreover, the EDF
influenced areas in the south-eastern part of Finland, as in-
dicated by SMI, were not shown by SMA, although these
areas comprise relatively low SMA values. This is because
there were more EDF influenced areas indicated by SMA in
the middle of Finland compared to SMI. Those areas took
up a part of the 30 % influenced area over the entire south-
ern Finland, which has been used for the selection of EDF
thresholds by the cumulative area distributions. The areas
impacted by EDF as indicated by SPEI, are widespread over
Finland, complying with the climate conditions in this pe-
riod. The extremely dry climate in northern Finland led to
the EDF shown by SMA, but was not sufficiently intense for
EDF to be captured by SMI. In southern Finland, the EDF
areas of SMI generally agree with those of SPEI, except for
the shallow soil area along the southern coastline and in the
south-eastern part of the country (at 63◦ N). This more severe
drought, which was indicated by SMI rather than by SPEI in
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Figure 5. Time correlations over the study period between SPEIforcing and SMI (a, b), SPEIforcing and SMA (c, d) with the spatial means
over the mineral soil areas (brown) and the peat soil areas (blue) in southern Finland (left column panels) and northern Finland (right column
panels), respectively.
(a) (b)
Figure 6. Cumulative area distribution of the (a) SMI and (b) SMA over southern Finland in the driest 28-day period of southern Finland
in 2006 (i.e. the driest day of 28-day-running means of the regionally averaged SMI and SMA over southern Finland). The red dashed
lines indicate the corresponding SMI and SMA values at which 30 % of the area is affected by the Extreme Drought that affects Forest
health (EDF).
the driest 28-day period, points to the vulnerability of shal-
low soil to climate variability. Also, it is worth noting that
the EDF area in the driest 28-day period as indicated by the
SMI, shows a similar spatial pattern to the locations of dam-
aged forest sites in the observation data, where few forest
damaged sites are found in northern Finland.
A more comparative analysis of the ability of the three in-
dicators to represent EDF under the derived thresholds was
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(a) SMI (b) SMA (c) SPEI
forcing
Figure 7. The (a) SMI, (b) SMA, and (c) SPEIforcing in the driest 28-day period of southern Finland in 2006. The dotted areas are under the
derived thresholds for EDF. The uncovered grid boxes (grey cells) in Finland represent inland lakes.
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Figure 8. The summer drought periods (a, b) and the mean fractional areas affected by drought in these periods (c, d) induced by EDF events
that are indicated by SMI, SMA, and SPEIforcing for southern Finland (left column panels) and northern Finland (right column panels) in the
study period (note that areas with shallow soil (soil depth< 3 m) are excluded).
conducted for the summer months of the 30-year study pe-
riod (Fig. 8). As the shallow soil is quite sensitive to cli-
mate variation, areas with soil depths less than 3 m were ex-
cluded to eliminate the influence on drought period by spo-
radic drought episodes that would have exaggerated the num-
ber of drought days. In general, the drought periods (number
of days) influenced by EDF show a better consistency among
the three indicators than the mean fraction of affected areas.
In general, SMI shows less area under EDFs in both southern
and northern Finland than the other two indicators. In partic-
ular, the only EDF indicated by SMI in the north was for
2006, but with only a small fractional area of around 1–2 %.
In the south, the SMI indicates EDF events in 1994 and 2006,
with the mean influenced area larger than 5 % and the period
longer than 30 days. In 2006, the mean influenced areas in-
dicated by the SMI and SMA are similar, as are the drought
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periods. However, the SMA shows less mean influenced ar-
eas compared to SMI in 1994, which is related to the longer
drought period indicated by SMA than SMI. The SPEI dis-
plays higher mean areas influenced by EDFs than the soil
moisture drought indicators in all years, except 1990. The
reason for this is that the EDF as indicated by SPEI in that
year had already commenced before June, which is the first
month of summer in our study. The SMA shows a prolonged
effect in comparison to meteorological drought, which is not
sufficiently strong to allow SMI to reach the EDF threshold
due to the high initial soil moisture content.
Overall, the SMI is considered to be more capable in in-
dicating EDFs because it directly reflects the plant available
soil moisture. In boreal forests in Finland, EDFs indicated
by SPEI and SMA often cannot lead to very low soil mois-
ture that could be indicated as EDFs by SMI, due to the high
initial soil moisture or presence of peat.
5 Summary and conclusions
In this study, we assessed the performance of several drought
indicators (SPI, SPEI, SMA, and SMI) for their ability to rep-
resent the timing and spatial extent of droughts in Finland.
The SPI, SPEI and SMA are standardized indicators that de-
scribe the degrees of anomalies over a period, whereas SMI
is directly related to plant available water. Those standard-
ized indicators were calculated with 28-days-running mean
inputs, while SMI is calculated with daily soil moisture.
The regional soil moisture is simulated by the land surface
model JSBACH with its five layer soil hydrology scheme.
The simulated soil moisture can generally capture the tim-
ing of dry spells in summer and winter characteristics of the
observed soil moisture at the three observation sites in Fin-
land, although inconsistencies exist in the rates of change and
amplitudes of variations in soil moisture. The SPEI showed
higher time correlation coefficients with the soil moisture-
based drought indicators than SPI, as SPEI takes into ac-
count the surface water balance rather than precipitation only.
Further inspections of the temporal and spatial variability
of SPEI, SMA, and SMI revealed that, in general, the SPEI
and SMA showed latitudinal-consistent patterns, whereas the
SMI described more droughts for the south than the north of
Finland. The vulnerable shallow soil area along the coastline
in southern Finland and the peat soil area in northern Finland
are drought-prone and drought-resistant areas, respectively,
as indicated by SMI. Therefore, soil characteristics impact
on SMI. In addition, soil moisture buffering effects and the
associated soil moisture memory can delay and extend the
drought as indicated by soil moisture-based drought indica-
tors, in comparison to those by the SPEI.
Especially, we examined the effectiveness of SPEI, SMA,
and SMI to capture the Extreme Drought affecting Forest
Health (EDF). The SMI was found to be more capable in spa-
tially representing the EDF in 2006. High discrepancies were
found among the indicated EDF periods and the mean frac-
tion of affected areas by the three indicators for the summer
months of the 30-year study period. The SPEI was the most
sensitive drought indicator and showed the highest amount
of EDFs with larger influenced areas, while the SMI showed
much less EDF events than the other two indicators.
To conclude, we recommend to use SMI to indicate EDFs
in boreal forest because it directly represents the plant avail-
able soil moisture, which is a synthesized result of the ini-
tial soil moisture content, soil properties, as well as climate
conditions. Thus, a land surface model that produces reli-
able predictions of soil moisture is necessary when assess-
ing EDF risks in boreal areas. To improve the accuracy of
soil moisture-based drought indicators (especially SMI) cal-
culated with LSM simulated soil moisture, high-quality soil
type distribution and soil parameters data are essential. More
sophisticated models are expected to improve simulated soil
moisture; for instance, soil layers with different soil types
along the soil profile, heterogeneity of soil types in a grid
box and thorough consideration of the model formulations
and parameters that regulate the rate of evapotranspiration,
drainage and run-off. Furthermore, uncertainties associated
with the drought indicators may originate from their input
data (Naumann et al., 2014), therefore unbiased forcing data
are of vital importance for the accurate simulation of soil
moisture by a LSM (Maggioni et al., 2012).
The critical points of drought indicators leading to drought
damages symptoms of forests are crucial for understand-
ing climate impacts on forest ecosystems. In this study, the
EDF thresholds for those indicators were selected only ac-
cording to the statistics of the forest health observation in
2006. This might induce some uncertainties when they are
used for future predictions of EDFs. The method for select-
ing EDF thresholds for drought indicators could be adopted
and the EDF thresholds could be calibrated, when there
are more observation data about forest damages induced by
drought available. In addition, drought damage on different
tree species could be studied. These would require more de-
tailed information and a better monitoring at the forest ob-
servation sites. Moreover, satellite data could be explored
to monitor the drought effects in boreal forests timely and
across large spatial scale (Caccamo et al., 2011).
The Supplement related to this article is available online
at doi:10.5194/hess-20-175-2016-supplement.
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Figure S1.  The time correlation coefficients  between the SPIs and SPEIs derived from the JSBACH
forcing data and the observational dataset over the summer months of the 30 year study period ( (a)
SPIforcing vs. SPIobs, (b) SPEIforcing  vs. SPEIobs), and the time correlations between SPI, SPEI calculated
with the JSBACH forcing data and SMI, SMA calculated with the JSBACH simulated soil moisture
( (c) SPIforcing vs. SMI, (d) SPIforcing vs. SMA, (e) SPEIforcing  vs. SMI, (f) SPEIforcing vs. SMA), as well as
the time correlation between SMI and SMA calculated with the JSBACH simulated soil moisture in the
study period ( (g) SMI vs. SMA). Those correlation coefficients are statistically significant (P <0.01).
The uncovered grid boxes (grey cells) in Finland are inland lakes. 
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Abstract. The influence of drought on plant functioning has received considerable attention in recent years, 10 
although our understanding of the response of carbon and water coupling in terrestrial ecosystems remains 
unclear. In this study, we investigated the response of water use efficiency to summer drought in boreal 
forests at daily time scales mainly using eddy covariance flux data. In addition, simulation results from the 
JSBACH land surface model were evaluated against the observed results. Two Scots pine (Pinus sylvestris) 
sites at Hyytiälä (southern Finland) and Sodankylä (northern Finland) were used in the study. Based on 15 
observed data, the ecosystem level water use efficiency (EWUE) showed a decrease only during a severe 
soil moisture drought at Hyytiälä, whereas the inherent water use efficiency (IWUE) increased when there 
was a severe soil moisture drought at Hyytiälä and a moderate soil moisture drought at Sodankylä. This 
indicates a decrease in surface conductance at the ecosystem level, but the decrease in evapotranspiration 
(ET) was alleviated because of the increased vapour pressure deficit (VPD) during drought. Moreover, the 20 
changes in IWUE implied that Scots pine has weaker response to drought in the southern site than in the 
northern site.  Thus, IWUE is a more appropriate metric than EWUE for capturing the impact of soil 
moisture drought on plant functioning at daily time scales. In general, the results from transpiration based 
ecosystem level water use efficiency (EWUEt) and IWUE, and the transpiration based inherent water use 
efficiency (IWUEt) from JSBACH simulations were similar to the observed results. The deviated groups of 25 
gross primary production (GPP) and evapotranspiration (ET) under severe soil moisture drought in 
observed data at Hyytiälä were also successfully captured in the simulated results. However, deficiencies in 
the model were clearly seen by the limitation effect of air humidity on stomatal conductance in observed 
data. Our study provides a deeper understanding of carbon and water dynamics in the major boreal 
ecosystem. These findings highlight the importance of choosing a suitable plant functioning indicator when 30 
investigating the effects of drought, and suggest possible improvements to land surface models, which play 
an important role in the prediction of biosphere-atmosphere feedbacks in the climate system.  
 
Keywords: drought response, boreal forests, eddy covariance, water use efficiency, soil moisture drought, 
land surface model 35 
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1. Introduction 
Terrestrial plants assimilate carbon through photosynthesis accompanied by a loss of water in transpiration. 
Both processes are strongly regulated by plant physiology (e.g. stomatal conductance; gs) and local 
environmental conditions. Plants protect themselves from excessive water (H2O) losses (diffusion out of the 
leaf) under water-limited environments through a reduction of stomatal conductance, which in turn leads to 40 
less carbon uptake (diffusion of carbon dioxide (CO2) into the leaf) and physiological stress (McDowell et 
al., 2008; Will et al., 2013).   
 
Soil water deficit can induce a reduction of transpiration (Bréda et al., 1993; Clenciala et al., 1998; Granier 
et al., 2007; Irvine et al., 1998), and it has been recognized as the main environmental factor limiting plant 45 
photosynthesis at global scale (Nemani et al., 2003). The occurrence of drought is low in northern Europe. 
However, the summer of 2006 in Finland was extremely dry, and 24.4 % of the 603 forest health 
observation sites over entire Finland showed drought damage symptoms in visual examination, in 
comparison to 2–4 % damaged sites in a normal year (Muukkonen et al. 2015). The spatial distribution of 
the drought damages has been found to be closely related to the plant available soil moisture (Gao et al., 50 
2016). 
 
Water Use Efficiency (WUE) is a critical metric that quantifies the trade-off between photosynthetic carbon 
assimilation and transpiration at the leaf level (Farquhar et al., 1982). WUE describes ecosystem 
functioning, which is closely related to the global cycles of water, energy and carbon (Keenan et al., 2013). 55 
With the use of the eddy covariance technique (EC) and associated data processing, i.e. the derivation of 
gross primary production (GPP) and evapotranspiration (ET) from measurements of CO2 flux and latent 
heat flux, WUE can be calculated at the ecosystem scale (EWUE) as the ratio of GPP and ET. EWUE is 
broadly adopted as a surrogate for WUE due to data availability (Arneth et al., 2006; Law et al., 2002; 
Lloyd et al., 2002).      60 
 
Reichstein et al. (2007) observed a small decrease in EWUE in the majority of the 11 studied EC sites 
during the 2003 summer heatwave in Europe. However, their findings are at odds with many models that 
describe the environmental controls on stomatal conductance, with increased EWUE predicted during 
drought periods (Reichstein et al., 2002; Schulze et al., 2005). Many of those models are based on the 65 
optimality theory by Cowan and Farquhar (1977) who proposed that plants are able to regulate stomatal 
conductance in order to maximize WUE. Granier et al. (2008) reported that EWUE increased linearly with 
soil water deficit duration and intensity at a young beech forest site in north-eastern France. Moreover, 
EWUE also increased substantially at two forest sites, but not at grassland sites, during the 2011 spring 
drought in Switzerland (Wolf et al., 2013). However, no differences in EWUE were shown between 70 
abundant- and low-rainfall years at a boreal Scots pine forest site in south-eastern Finland, even though 
GPP was reduced during low-rainfall years with long-lasting drought periods (Ge et al., 2014). Therefore, 
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the impact of drought on EWUE remains unclear. Moreover, Beer et al. (2009) have proposed the 
ecosystem level inherent water use efficiency (IWUE),  which has been found to increase during short-term 
moderate drought. 75 
 
Given the need to understand and project feedbacks between climate change and plant physiological 
responses,  it is crucial to be able to realistically model the plant controls of stomatal conductance, and 
photosynthesis and transpiration responses under water stress (Berry et al., 2010; Knauer et al., 2015; Zhou 
et al., 2013). Contrasting results that are produced by the various land ecosystem models highlight the 80 
current uncertainty in regard to plant physiology (water use) in response to drought in simulations (Huang 
et al., 2015; Jung et al., 2007).  
 
The objectives of this study are (1) to understand the environmental controls on GPP and ET fluxes, 
especially during drought, in boreal Scots pine (Pinus sylvestris) forests at two EC sites in Finland, (2) to 85 
investigate the relationship of EWUE and IWUE to drought, (3) to evaluate how accurately plant 
functioning responses to changes in environmental variables are captured by the JSBACH land surface 
model (LSM). 
2. Data and methods 
2.1 Study sites 90 
Scots pine (Pinus sylvestris) is the dominating species in southern Finland, covering more than half of the 
forest area (Vesala et al., 2005). Two Scots pine forest sites in Finland were studied in this work. Hyytiälä 
and Sodankylä are situated in the southern and northern boreal zone, respectively. The mean annual 
temperature and precipitation (Table 1) in Hyytiälä are higher than in Sodankylä (Aurela, 2005; Vesala et 
al., 2005), reflecting the latitudinal difference between the sites. The total leaf area index (LAI) at Hyytiälä 95 
is 8 m2/m2, approximately twice of that at Sodankylä (3.6 m2/m2). Both sites are located on mineral soils. 
More details of the two sites can be found in Table 1.  
 
We analysed the summer period (June-August) from an 11-year dataset for Hyytiälä (1999-2009) and from 
an 8-year dataset for Sodankylä (2001-2008) according to data availability.  100 
2.2 Flux measurement and data processing  
Ecosystem carbon and water fluxes at Hyytiälä and Sodankylä were measured with the 
micrometeorological EC method. Turbulent fluxes were calculated as half-hourly averages following 
standard methodology (Aubinet et al., 2012) with EddyUH software at Hyytiälä (Mammarella et al., 2016) 
and PyBarFlux software at Sodankylä (Aurela et al., 2015). Data recorded during periods of low-turbulence 105 
mixing and instrument failures were screened. The vertical CO2 flux was obtained as the covariance of 
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high-frequency (10 Hz) observations of vertical wind speed and the CO2 concentration (Baldocchi, 2003). 
The CO2 flux was corrected for storage change to obtain net ecosystem CO2 exchange (NEE), which was 
then partitioned into total ecosystem respiration (TER) and GPP. Missing or poor quality GPP flux data 
was gap-filled according to Kolari et al. (2009) for Hyytiälä and Reichstein et al. (2005) for Sodankylä. ET 110 
was inferred from the measured latent heat flux. The ET flux was gap-filled with the mean diurnal variation 
method at both sites. For our analysis, daily values of GPP and ET fluxes were calculated as daily sums of 
half-hourly values and only good quality gap-filled data were used.   
 
In addition to the EC measurements, a set of supporting meteorological variables were adopted as half-115 
hourly averages; incoming shortwave and longwave radiations, air temperature, humidity, precipitation at 
both sites were used as meteorological forcing for the site level simulations.  
 
The soil water content was monitored with the Time Domain Reflection (TDR) technique at Hyytiälä, and 
with the ThetaProbe technique at Sodankylä. The measured soil layers were: Hyytiälä: 0 to −5, −5 to −23 120 
and −23 to −60 cm, Sodankylä: −10, −20 and −30 cm. In this study, soil moisture at the two lower levels at 
Hyytiälä was averaged, and the average of the three levels at Sodankylä was adopted. 
2.3 JSBACH land surface model 
JSBACH (Raddatz et al., 2007; Reick et al., 2013) is the LSM of the Max Planck Institute for Meteorology 
Earth System Model (MPI–ESM) (Roeckner et al., 1996; Stevens et al., 2013). The land physics of 125 
JSBACH mainly follow those of the global atmosphere circulation model ECHAM5 (Roeckner et al., 2003), 
and the biogeochemical components are mostly taken from the biosphere model BETHY (Knorr, 2000). In 
JSBACH, land vegetation cover is described as plant functional types (PFTs) and a set of properties (e.g. 
maximum LAI, albedo) is attributed to each PFT with respect to the processes that are accounted for by 
JSBACH. A five layer soil hydrology scheme was implemented in JSBACH by Hagemann and Stacke 130 
(2015). The models of Farquhar et al. (1980)  is used for photosynthesis of C3 plants. The limitation from 
soil water availability on stomatal conductance is also considered in the photosynthesis module. Unlike the 
BETHY approach (Knorr, 2000), the control of stomatal conductance in JSABCH does not include the 
influence of atmospheric humidity (see detailed description in Knauer et al., 2015). 
2.4 Site level simulations by JSBACH 135 
The simulations of JSBACH for the two sites were carried out using the half-hourly local meteorological 
observations as model forcing. Based on the site-specific information, PFT was assigned as evergreen 
needleleaf forest and the soil type was set as loamy sand in JSBACH for both sites. The maximum LAI was 
set according to observed values. Also, the maximum carboxylation rate (Jmax) and maximum electron 
transport rate (Vmax) at 25 °C were adjusted, for the simulated GPP to match the magnitude of the 140 
observed GPP. The Vmax was set to be 37.5 and 30 for Hyytiälä and Sodankylä, respectively. The Jmax 
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was 71.3 for Hyytiälä and 64.2 for Sodankylä. The soil depth and root depth at the two sites were derived 
from maps for the regional JSBACH simulation presented in Gao et al. (2016) (see also Hagemann and 
Stacke, 2015). Those parameter settings in the JSBACH site level simulations for the two sites are listed in 
Table 1. Prior to the actual simulations, long-term spin-up runs were conducted to obtain equilibrium for 145 
soil water and soil heat, as well as ecosystem carbon pools. 
 
To analyse the response of simulated GPP and ET to environmental variables, daily air temperature (Ta), 
incoming solar radiation (Rs) and VPD were calculated from the JSBACH forcing data, and the Soil 
Moisture Index (SMI) was derived from simulated soil moisture and soil parameters in JSBACH.     150 
2.5 Soil Moisture Index (SMI) 
In this study, the soil moisture dynamics are represented by SMI (also referred to as Relative Extractable 
Water – REW), which has been demonstrated to be able to represent summer drought in boreal forests in 
Finland (Gao et al., 2016). The SMI describes the ratio of plant available soil water content to the 
maximum volume of water available to plants in the soil (Betts, 2004; Seneviratne et al., 2010): 155 
SMI = (θ − θWILT)/(θFC − θWILT),                                                                                                                (1) 
where θ is the volumetric soil moisture [m3 H2O m−3], θFC is the field capacity [m3 H2O m−3], θWILT is the 
permanent wilting point [m3 H2O m−3]. When θ exceeds θFC, soil water cannot be retained against 
gravitational drainage, while below θWILT, the soil water is strongly held by the soil matrix and cannot be 
extracted by plants (Hillel, 1998). 160 
 
The SMI calculated from the simulated soil moisture is based on the model soil parameters. We used the 
average of the second layer (layer-2; 6.5–31.9cm) and the third layer (layer-3; 31.9–123.2 cm) of the 
simulated soil moisture for Hyytiälä, and layer-2 for Sodankylä, to correspond with the depth of the 
observed soil moisture. Soil moisture conditions can be classified as: severe drought: 0 ≤ SMI < 0.2, 165 
moderate drought: 0.2 ≤ SMI < 0.4, mid-range: 0.4 ≤ SMI < 0.6, moderate wet: 0.6 ≤ SMI < 0.8, very wet: 
0.8 ≤ SMI <1. 
 
For the SMI derived from the observed soil moisture at Hyytiälä, the measured soil parameters were 
adopted (i.e. water content at saturation (θSAT) = 0.50 m3 H2O m−3, θFC = 0.30 m3 H2O m−3, θWILT = 0.08 m3 170 
H2O m−3). As θFC acts as a proxy for θSAT in the model, θSAT was used instead of θFC for consistency when 
calculating SMI based on the observed soil moisture data (Hagemann and Stacke, 2015). The same 
classification mentioned above for simulated SMI was applied for the observed SMI at Hyytiälä. Due to the 
lack of measured soil parameters, the observed volumetric soil moisture at Sodankylä was directly adopted 
and categorized according to its value with respect to the simulated SMI (i.e., severe drought: 0 m3 H2O m−3 175 
≤ θ < 0.032 m3 H2O m−3, moderate drought:  0.032 m3 H2O m−3 ≤ θ < 0.064 m3 H2O m−3, mid-range: 0.064 
m3 H2O m−3 ≤ θ < 0.096 m3 H2O m−3, moderate wet: 0.096 m3 H2O m−3 ≤ θ < 0.128 m3 H2O m−3, very wet: 
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0.128 m3 H2O m−3 ≤ θ < 0.16 m3 H2O m−3). 
 
2.6 Ecosystem Water Use Efficiency (EWUE) and Inherent Water Use Efficiency (IWUE) 180 
At the ecosystem level, water use efficiency is calculated as 
EWUE = GPP/ET,                                                                                                                      (2)  
The inherent water use efficiency (IWUE) is defined as EWUE multiplied by VPD, and ET/VPD is a 
hydrological measure of the surface conductance at the ecosystem level (Beer et al., 2009),  
IWUE = GPP×VPD/ET,                                                                                                                        (3) 185 
From EC data EWUE and IWUE can only be calculated with ET, which contains the effects of interception 
and soil evaporation. However, process-based ecosystem models can be used to reveal plant physiological 
processes by separating evaporation and transpiration. Therefore, transpiration-based ecosystem water use 
efficiency (EWUEt) and inherent water use efficiency (IWUEt) were also calculated using simulated 
transpiration instead of ET in equations (2) and (3). 190 
3. Results 
3.1 The relationship of GPP to ET/transpiration(T) categorized by environmental variables 
3.1.1 Hyytiälä results 
At Hyytiälä, the observed daily GPP ranged from 1 to 12 g C m-2 day-1, and the observed daily ET ranged 
from 0 to 4.5 kg H2O m-2 day-1 during the study period. In general, GPP increased with increasing ET with a 195 
non-linear response (Fig. 1; see fitting method description in the Supplementary Material). When 
categorized according to the ranges of environmental variables, an increase in Rs, Ta and VPD led to an 
increase in GPP and ET in general, whereas soil moisture conditions showed no clear impact on the 
relationship of GPP to ET (Fig. 1).   
 200 
Moreover, in the relationship between daily observed GPP and ET at Hyytiälä, two groups of data deviated 
from typical plant functioning under normal conditions (i.e. the data with residuals from the fitted line were 
outside the 2.5th-97.5th percentile band as shown in Fig. 1). The two groups both have small daily ET values 
(less than 2 kg H2O m-2 day-1), although the daily GPP for group a is above normal and for group b is below 
normal. Group a is found in an environment that has favorable Ta (10 to 25 °C), sufficient Rs (above 150 205 
W/m2 generally), low VPD (mostly below 0.8 kPa) and non-water limited condition (SMI > 0.4 mostly), 
while the most data points in group b experience slightly higher Ta and Rs values, high VPD (0.8 to 2 kPa 
mostly) and soil moisture indicating severe drought (SMI < 0.2). The deviated group a occurred at the 
beginning of the summer and almost all the days were in June. The deviated group b occurred at the end of 
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the summer in 2006 (end of July to the middle of August), and this year was the only year in the 11-year 210 
dataset at Hyytiälä where SMI values were under 0.2 (Fig. 2 in Gao et al., 2016). 
 
The simulated daily GPP and ET at Hyytiälä are similar to the observed data in terms of their extent and 
relationship, as well as their correlations with the environmental variables (Fig. S1 in the Supplementary 
Material). However, the groups a and b that were visible in observed results are not differentiated from 215 
other days in the simulations. Nevertheless, the relationship between GPP and transpiration from the 
simulations shows that the two groups have similar quantities of transpiration (less than 2 kg H2O m-2 day-1) 
but exhibit above- and below-normal levels of GPP under sufficient and deficient soil moisture conditions, 
respectively. However, the deviation of the simulated GPP of those two groups from the majority of the 
GPP values is not as large as that in the ET-based observed dataset.  220 
3.1.2 Sodankylä results 
The observed relationship between daily GPP and ET at Sodankylä (Fig. S2 in the Supplementary Material) 
is more scattered than at Hyytiälä, and does not contain deviated GPP and ET groups that could be 
reasonably explained by environmental conditions. The values of GPP and ET are concentrated at lower 
magnitudes at Sodankylä than at Hyytiälä. This is partly due to generally lower Ta values at Sodankylä in 225 
comparison to Hyytiälä, with less days above 20 °C and more days below 10 °C observed at that site. In 
addition, the number of days with Rs values above 250 W m-2 was much less at Sodankylä than at Hyytiälä. 
Moreover, the growing season was shorter and the forest LAI value was lower in Sodankylä than in 
Hyytiälä. No severe soil moisture deficit at Sodankylä (θ < 0.032 m3 H2O m−3) were observed during the 
study period.  230 
 
In comparison to the observed data at Sodankylä, the simulated GPP and ET/T relationship was less 
scattered. The range of simulated daily GPP (1.5 to 8 g C m-2 day-1) was smaller than the observed GPP (0 
to 10 g C m-2 day-1). In the simulation, GPP and ET/T both increased concomitant with increasing Rs and 
VPD values, a trend that was more evident than in observed data. Although severe drought days (SMI<0.2) 235 
were seen in the simulation, the GPP and ET/T relationship did not deviate from plant functioning under 
normal conditions. This was because we only used layer-2 soil moisture from the JSABCH simulation in 
order to match with the depth of observed soil moisture at Sodankylä, and the severity of drought does not 
reach layer-3 that also belongs to the root zone depth at the site. However, in the model, the whole root 
zone soil moisture plays a role in regulating the plant stomatal conductance.  240 
 
In the following, we concentrate on the results from group b at Hyytiälä, where the impact of soil moisture 
was clearly seen in the relationship between GPP and ET.  
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3.2 Response of GPP and ET/T to environmental variables categorized by SMI 
The impact of soil moisture on GPP and ET/T were further investigated by separating the dependence of 245 
GPP and ET on environmental variables under different soil moisture conditions. Regression functions 
were fitted for each group, and the regression parameters and coefficients of determination are summarized 
in Table S1 and S2 in the Supplementary Material.   
 
At Hyytiälä, severe soil moisture drought (SMI < 0.2) led to a distinct response in both observed GPP and 250 
ET to Rs, Ta and VPD, when compared to the groups with SMI values greater than 0.2 (Fig. 2 and 3). For 
the relationship between GPP and Rs, the Michaelis-Menten type equation was used (e.g. Markkanen et al., 
2001). The group that had SMI values less than 0.2 displayed lower GPP values in relation to increased Rs 
values and had a lower coefficient of determination than the other groups. The relationship between Ta and 
GPP was rather scattered and we used linear regression to determine the general trends of GPP dependence 255 
on Ta under different soil moisture conditions. In contrast to the positive correlations seen with the other 
SMI groups, GPP was negatively correlated with Ta under severe soil moisture drought. Exponential decay 
equations were fitted to the response of GPP to VPD for the groups with SMI values greater than 0.2, 
whereas a linear response with a negative slope was found for the group under severe soil moisture drought. 
Furthermore, for the relationship between GPP and SMI, decreasing SMI values led to a linear decrease in 260 
GPP with a high correlation (r2 = 0.62) when SMI were lower than 0.2, while the other SMI groups showed 
scattered patterns. The GPP value tended to be highest when SMI was between 0.4 to 0.6, and decreased 
with lower or higher SMI.  
 
For the simulated GPP, the group under severe soil moisture drought (SMI < 0.2) also deviated from the 265 
other SMI groups, but not to the same extent as that in the observed GPP. The response of simulated GPP 
to VPD in the group under severe soil moisture drought was positive, in contrast to the negative 
relationship seen for the observed GPP.  
 
The response patterns of the observed ET to environmental variables were similar to those of GPP (Fig. 3). 270 
As with GPP, the group under severe soil moisture drought deviated strongly from the other SMI groups. 
However, the decrease in ET under severe soil moisture drought relative to the environmental variables was 
not as large as in GPP.  
  
Some differences existed in the response of the simulated ET/T to environmental variables compared to the 275 
observed ET (Fig. S1 in the Supplementary Material). The dependence of simulated ET/T on Rs tended to 
be more linear in contrast to the observed ET and Rs relationship. In addition, the simulated ET and T 
increased with a concomitant increase in VPD when VPD was high, which was not the case with observed 
ET. Nevertheless, simulated ET/T of the group under severe soil moisture drought deviated strongly from 
the other SMI groups, but to a less extent than observed ET/T. Additionally, both observed and simulated 280 
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ET/T showed a small decrease when SMI indicated moderate drought (0.2 ≤ SMI < 0.4), compared to days 
with higher soil moisture conditions (SMI ≥ 0.4) and under the same VPD. 
 
At Sodankylä, the response of the observed GPP and ET to environmental variables showed the same 
response patterns as those at Hyytiälä (Fig. S3 and Fig. S4 in the Supplementary Material). When Rs, Ta 285 
and VPD values were high, simulated GPP and T were higher for the group with SMI values between 0.2 
and 0.4 in comparison to the other SMI groups.  
3.3 Soil moisture drought impacts on EWUE and IWUE  
According to the observed data at Hyytiälä, when SMI was higher than 0.2, daily EWUE showed values 
(about 2-4 g C kg-1 H2O) within the typical ET range, and higher values when ET was low (Fig. 4). 290 
However, at severe soil moisture drought conditions (SMI < 0.2), significant decreases in EWUE were seen, 
which indicates a stronger decrease in GPP than in ET compared to normal plant functioning. In the 
simulation, the EWUE did not show an obvious decrease when SMI was lower than 0.2, whereas EWUEt 
showed a much smaller decrease than the observed data. The observed and simulated IWUE, as well as the 
simulated IWUEt increased when SMI was lower than 0.2 at Hyytiälä. The increase was more obvious in 295 
the simulated IWUE. The IWUEt showed a narrower range than IWUE as the influence of evaporation was 
not included.  
 
Low soil moisture conditions did not lead to changes in the observed and simulated EWUE, as well as 
simulated EWUEt at Sodankylä (Fig. S5 in the Supplementary Material). The observed and simulated 300 
IWUE at Sodankylä increased when soil moisture was under moderate drought (i.e. observed θ <0.064 m3 
H2O m−3 and simulated SMI < 0.4, respectively). However, the increase was not seen in the simulated 
IWUEt. This would suggest that soil moisture drought was not severe enough to influence transpiration and 
GPP through stomatal conductance in the simulation. 
 4. Discussion  305 
4.1 Drought impacts on GPP and ET 
Both GPP and ET were suppressed when there was severe soil moisture drought (SMI<0.2) at Hyytiälä. In 
addition, the response of GPP and ET to the changes in environmental variables under severe water stress 
differed from those under other soil moisture conditions. The dominant reason is that low soil moisture 
leads to stomatal closure of the plants, which further limits plant assimilation and transpiration. The 310 
consequence of decreased ET due to soil moisture drought would be increased atmospheric VPD, which in 
turn accelerates stomatal closure (Eamus et al., 2013; Jarvis, 1976). Moreover, the coupling between GPP 
and ET was disturbed and EWUE decreased due to the soil moisture limitation (shown as the deviated 
group b). 
Biogeosciences Discuss., doi:10.5194/bg-2016-198, 2016
Manuscript under review for journal Biogeosciences
Published: 10 June 2016
c© Author(s) 2016. CC-BY 3.0 License.
 10 
 315 
In high latitude regions, such as Finland, snowmelt water normally saturates the soil at the beginning of the 
growing season, and thus soil moisture drought is more likely to occur at the end of the summer. The 
favourable environmental conditions for plant growth at the beginning of summer have a major influence 
on annual plant growth. There was no severe soil moisture drought observed in the 8-year dataset at 
Sodankylä. Therefore, there was no disturbance on GPP, ET and EWUE from low soil moisture conditions. 320 
As the Sodankylä site is located in the north of Finland, the lower summertime mean Ta, Rs and VPD 
values in comparison to those at Hyytiälä, together with a low LAI, resulted in lower GPP and ET in 
general.  
 
In contrast to EWUE, IWUE increased when there was a severe soil moisture drought at Hyytiälä and a 325 
moderate soil moisture drought at Sodankylä. This means that the intrinsic water use efficiency at the 
ecosystem level is enhanced during soil moisture drought. The moderate soil moisture drought did not 
enhance IWUE at Hyytiälä, which could be evidence of a higher drought tolerance of boreal Scots pine 
forest in the south than in the north.  
  330 
Our findings indicate that IWUE is a more appropriate metric to capture the impact of soil moisture drought 
impact on plant functioning at daily time scales than EWUE. For the latter, the impacts of drought on plant 
functioning can be misinterpreted due to the strong dependence of ET on atmospheric VPD.  
4.2 Differences between observations and site simulations 
The soil moisture drought impacts on plant functioning at Hyytiälä were only demonstrated when the 335 
relationship between GPP and transpiration rather than ET was investigated from JSBACH simulation. The 
simulated daily ET data is disturbed because of frequent negative night-time values especially at the 
beginning of the summer. A likely reason for those is that the offline coupling for the JSBACH simulation 
tends to overestimate night-time condensation, which consequently leads to an underestimation of daily 
mean latent heat flux (Dalmonech et al., 2015).  340 
 
The model successfully showed the strong limitations on GPP and ET/T under severe soil moisture drought 
(0 ≤ SMI < 0.2) at Hyytiälä. In addition, the relationships between ET/T and VPD from both observation 
and simulation at the two sites showed that ET/T decreased slightly when soil moisture under moderate 
drought. However, the discrepancies in response between observed and simulated GPP and ET to changing 345 
environmental variables were obvious (Fig. 2 and 3). That is because the functions for calculating stomatal 
conductance in JSBACH do not include air humidity as a variable, therefore the stomatal conductance in 
JSBACH is insensitive to atmospheric VPD (Knauer et al., 2015). In Knauer et al. (2015), Ball-Berry 
model (Ball et al., 1987) has been found to be best in a few stomatal conductance models in its response to 
atmospheric drought under non-limited soil moisture conditions. In reality, low soil moisture and high 350 
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temperature during drought are closely coupled with high atmospheric VPD. Our results indicate that the 
combined effects of soil moisture and atmospheric drought on stomatal conductance have to be taken into 
account. Moreover,  model performance could be improved through the inclusion of non-stomatal 
limitations on plant photosynthesis, which have been considered to be important for the simulation of short-
term plant responses to drought (Egea et al., 2011; Manzoni et al., 2011; Zhou et al., 2013).  355 
 
Soil moisture content was not a strong limiting factor on GPP and ET/T in either observed or simulated 
dataset at Sodankylä. The SMI at Sodankylä was calculated with the layer-2 soil moisture and values under 
0.2 only occurred on sporadic days, thus moisture values deep in the soil profile were not low and did not 
persist long enough to cause strong deviations in GPP and ET (T).  360 
 
Moreover, when utilizing EC data, it should be kept in mind that the EC method has its own uncertainties. 
Due to the stochastic nature of the turbulent flow, there is always a random error component in the 
observations. In addition, there may be systematic errors source from imperfect spectral corrections and 
gap-filling procedures or calibration problems (Richardson et al. 2012, Wilson et al. 2002).  365 
5. Conclusions 
In general, IWUE was found to be a more sensitive metric than EWUE in capturing the impact of soil 
moisture drought on plant functioning at daily time scales. Under a very severe soil moisture drought at 
Hyytiälä, the decrease in GPP became stronger than the decrease in ET as the drought developed, which 
resulted in low EWUE values. In contrast to EWUE, IWUE increased as a whole when there was a severe 370 
soil moisture drought at Hyytiälä and a moderate soil moisture drought at Sodankylä in the observed dataset. 
As IWUE is inversely related to the surface conductance at the ecosystem level, it is sensitive to stomatal 
closure during drought.  
 
Further developments are needed in ecosystem modelling in order to adequately capture the impacts of 375 
drought in boreal forests. The simulated response in plant functioning to severe soil moisture drought 
predicted by JSBACH was weaker than those in the observed dataset, even though the strong limitation 
effects on GPP and ET through stomatal closure were shown at the severe soil moisture drought condition 
(0 ≤ SMI < 0.2) as in the observed data. Also, in the relationships between ET/T and VPD at the two sites, 
both observed and simulated ET/T showed a small decrease under moderate soil moisture drought, 380 
compared to days with higher soil moisture conditions.  The main reason for the differences in the model 
results is that the stomatal conductance model in JSBACH is insensitive to air humidity. This suggests that 
combined formulations of atmospheric and soil moisture drought are needed in the model to adequately 
simulate effects of drought on plant functioning. In addition, inclusion of non-stomatal limitations on 
photosynthesis during drought, e.g. reduced mesophyll conductance or carboxylation capacity, could also 385 
lead to an improvement of the model results (Keenan et al., 2010).  
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This study gives a view of the response of boreal forests to summer drought, and further suggests that 
choosing the appropriate indicator, and improving our knowledge of ecosystem processes in land surface 
models are of great importance when estimating biosphere-atmosphere feedbacks of terrestrial ecosystems 390 
under climate change.  
Acknowledgements 
We would like to thank the Academy of Finland Centre of Excellence (272041), Academy of Finland 
(266803), CARB-ARC (285630), ICOS Finland (281255), ICOS-ERIC (281250), MONIMET (LIFE07 
ENV/FIN/000133, LIFE12 ENV/FIN/000409), NCoE eSTICC (57001) and EMBRACE (282672) projects 395 
for support. The authors acknowledge MPI-MET and MPI-BGC for fruitful co-operation regarding use of 
JSBACH model.  
References 
Arneth, A., Veenendaal, E. M., Best, C., Timmermans, W., Kolle, O., Montagnani, L., and Shibistova, O.: 
Water use strategies and ecosystem-atmosphere exchange of CO2 in two highly seasonal environments, 400 
Biogeosciences, 3, 421-437, doi:10.5194/bg-3-421-2006, 2006. 
Aubinet, M., Vesala, T., and Papale, D.: Eddy covariance: a practical guide to measurement and data 
analysis, Springer Science & Business Media, Netherlands, 2012. 
Aurela M., Lohila A., Tuovinen J.-P., Hatakka J., Penttilä T., and Laurila T.: Carbon dioxide and energy 
flux measurements in four northern-boreal ecosystems at Pallas. Boreal Env. Res., 20, 455–473, 2015. 405 
Aurela, M.: Carbon dioxide exchange in subarctic ecosystems measured by a micrometeorological 
technique, Contributions, 51, Finnish Meteorological Institute, Helsinki, Finland, 132 pp., 2005. 
Baldocchi, D. D.: Assessing the eddy covariance technique for evaluating carbon dioxide exchange rates of 
ecosystems: past, present and future, Global Change Biology, 9, 479-492, 2003. 
Ball, J. T., Woodrow,I. E. , and Berry, J. A.: A model predicting stomatal conductance and its contribution 410 
to the control of photosynthesis under different environmental conditions, Progress in Photosynthesis 
Research, J. Biggins (Editor), Springer Netherlands, Dordrecht, Netherlands, 221–224, 1987. 
Beer, C., Ciais, P., Reichstein, M., Baldocchi, D., Law, B. E., Papale, D., Soussana, J. F., Ammann, C., 
Buchmann, N., Frank, D., Gianelle, D., Janssens, I. A., Knohl, A., Köstner, B., Moors, E., Roupsard, O., 
Verbeeck, H., Vesala, T., Williams, C. A., and Wohlfahrt, G.: Temporal and among-site variability of 415 
inherent water use efficiency at the ecosystem level, Global Biogeochemical Cycles, 23, 2009. 
Berry, J. A., Beerling, D. J., and Franks, P. J.: Stomata: key players in the earth system, past and present, 
Current opinion in plant biology, 13, 232-239, 2010. 
Betts, A. K.: Understanding Hydrometeorology Using Global Models, Bulletin of the American 
Meteorological Society, 85, 1673-1688, 2004. 420 
Bréda, N., Cochard, H., Dreyer, E., and Granier, A.: Water transfer in a mature oak stand (Quercus petraea): 
seasonal evolution and effects of a severe drought, Canadian Journal of Forest Research, 23, 1136-1143, 
1993. 
Clenciala, E., Kucera, J., Ryan, M., G., and Lindroth, A.: Water flux in boreal forest during two 
hydrologically contrasting years; species specific regulation of canopy conductance and transpiration, Ann. 425 
Biogeosciences Discuss., doi:10.5194/bg-2016-198, 2016
Manuscript under review for journal Biogeosciences
Published: 10 June 2016
c© Author(s) 2016. CC-BY 3.0 License.
 13 
For. Sci., 55, 47-61, 1998. 
Cowan, I. R. and Farquhar, G. D.: Stomatal function in relation to leaf metabolism and environment, Symp. 
Soc. Exp. Biol., 31, 471-505, 1977. 
Dalmonech, D., Zaehle, S., Schürmann, G. J., Brovkin, V., Reick, C., and Schnur, R.: Separation of the 
Effects of Land and Climate Model Errors on Simulated Contemporary Land Carbon Cycle Trends in the 430 
MPI Earth System Model version 1, Journal of Climate, 28, 272-291, 2015. 
Eamus, D., Boulain, N., Cleverly, J., and Breshears, D. D.: Global change-type drought-induced tree 
mortality: vapor pressure deficit is more important than temperature per se in causing decline in tree health, 
Ecology and Evolution, 3, 2711-2729, 2013. 
Egea, G., Verhoef, A., and Vidale, P. L.: Towards an improved and more flexible representation of water 435 
stress in coupled photosynthesis–stomatal conductance models, Agricultural and Forest Meteorology, 151, 
1370-1384, 2011. 
Farquhar, G., O'Leary, M., and Berry, J.: On the Relationship Between Carbon Isotope Discrimination and 
the Intercellular Carbon Dioxide Concentration in Leaves, Functional Plant Biology, 9, 121-137, 1982. 
Farquhar, G. D., Caemmerer, S., and Berry, J. A.: A biochemical model of photosynthetic CO2 assimilation 440 
in leaves of C3 species, Planta, 149, 78-90, 1980. 
Gao, Y., Markkanen, T., Thum, T., Aurela, M., Lohila, A., Mammarella, I., Kämäräinen, M., Hagemann, S., 
and Aalto, T.: Assessing various drought indicators in representing summer drought in boreal forests in 
Finland, Hydrol. Earth Syst. Sci., 20, 175-191, 2016. 
Ge, Z.-M., Kellomaki, S., Zhou, X., and Peltola, H.: The role of climatic variability in controlling carbon 445 
and water budgets in a boreal Scots pine forest during ten growing seasons, Boreal environment research, 
19, 181-195, 2014. 
Granier, A., Bréda, N., Longdoz, B., Gross, P., and Ngao, J.: Ten years of fluxes and stand growth in a 
young beech forest at Hesse, North-eastern France, Ann. For. Sci., 65, 704, 2008. 
Granier, A., Reichstein, M., Bréda, N., Janssens, I. A., Falge, E., Ciais, P., Grünwald, T., Aubinet, M., 450 
Berbigier, P., Bernhofer, C., Buchmann, N., Facini, O., Grassi, G., Heinesch, B., Ilvesniemi, H., Keronen, 
P., Knohl, A., Köstner, B., Lagergren, F., Lindroth, A., Longdoz, B., Loustau, D., Mateus, J., Montagnani, 
L., Nys, C., Moors, E., Papale, D., Peiffer, M., Pilegaard, K., Pita, G., Pumpanen, J., Rambal, S., Rebmann, 
C., Rodrigues, A., Seufert, G., Tenhunen, J., Vesala, T., and Wang, Q.: Evidence for soil water control on 
carbon and water dynamics in European forests during the extremely dry year: 2003, Agricultural and 455 
Forest Meteorology, 143, 123-145, 2007. 
Hagemann, S. and Stacke, T.: Impact of the soil hydrology scheme on simulated soil moisture memory, 
Climate Dynamics, 44, 1731-1750, 2015. 
Hillel, D.: Environmental Soil Physics, Academic Press, San Diego, 1998. 
Huang, M., Piao, S., Sun, Y., Ciais, P., Cheng, L., Mao, J., Poulter, B., Shi, X., Zeng, Z., and Wang, Y.: 460 
Change in terrestrial ecosystem water-use efficiency over the last three decades, Global Change Biology, 
21, 2366-2378, 2015. 
Irvine, J., Perks, M. P., Magnani, F., and Grace, J.: The response of Pinus sylvestris to drought: stomatal 
control of transpiration and hydraulic conductance, Tree Physiology, 18, 393-402, 1998. 
Jarvis, P.: The interpretation of the variations in leaf water potential and stomatal conductance found in 465 
canopies in the field, Philosophical Transactions of the Royal Society of London B: Biological Sciences, 
273, 593-610, 1976. 
Jung, M., Maire, G. L., Zaehle, S., Luyssaert, S., Vetter, M., Churkina, G., Ciais, P., Viovy, N., and 
Reichstein, M.: Assessing the ability of three land ecosystem models to simulate gross carbon uptake of 
forests from boreal to Mediterranean climate in Europe, Biogeosciences, 4, 647-656, 2007. 470 
Keenan, T. F., Hollinger, D. Y., Bohrer, G., Dragoni, D., Munger, J. W., Schmid, H. P., and Richardson, A. 
D.: Increase in forest water-use efficiency as atmospheric carbon dioxide concentrations rise, Nature, 499, 
Biogeosciences Discuss., doi:10.5194/bg-2016-198, 2016
Manuscript under review for journal Biogeosciences
Published: 10 June 2016
c© Author(s) 2016. CC-BY 3.0 License.
 14 
324-327, 2013. 
Keenan, T., Sabate, S., and Gracia, C.: Soil water stress and coupled photosynthesis–conductance models: 
Bridging the gap between conflicting reports on the relative roles of stomatal, mesophyll conductance and 475 
biochemical limitations to photosynthesis, Agricultural and Forest Meteorology, 150, 443-453, 2010. 
Knauer, J., Werner, C., and Zaehle, S.: Evaluating stomatal models and their atmospheric drought response 
in a land surface scheme: A multibiome analysis, Journal of Geophysical Research: Biogeosciences, 120, 
1894-1911, 2015. 
Knorr, W.: Annual and interannual CO2 exchanges of the terrestrial biosphere: process-based simulations 480 
and uncertainties, Global Ecology and Biogeography, 9, 225-252, 2000. 
Kolari, P., Kulmala, L., Pumpanen, J., Launiainen, S., Ilvesniemi, H., Hari, P., and Nikinmaa, E.: CO2 
exchange and component CO2 fluxes of a boreal Scots pine forest, Boreal Environment Research, 14, 761-
783, 2009. 
Law, B. E., Falge, E., Gu, L., Baldocchi, D. D., Bakwin, P., Berbigier, P., Davis, K., Dolman, A. J., Falk, 485 
M., Fuentes, J. D., Goldstein, A., Granier, A., Grelle, A., Hollinger, D., Janssens, I. A., Jarvis, P., Jensen, N. 
O., Katul, G., Mahli, Y., Matteucci, G., Meyers, T., Monson, R., Munger, W., Oechel, W., Olson, R., 
Pilegaard, K., Paw U, K. T., Thorgeirsson, H., Valentini, R., Verma, S., Vesala, T., Wilson, K., and Wofsy, 
S.: Environmental controls over carbon dioxide and water vapor exchange of terrestrial vegetation, 
Agricultural and Forest Meteorology, 113, 97-120, 2002. 490 
Lloyd, J. O. N., Shibistova, O., Zolotoukhine, D., Kolle, O., Arneth, A., Wirth, C., Styles, J. M., 
Tchebakova, N. M., and Schulze, E. D.: Seasonal and annual variations in the photosynthetic productivity 
and carbon balance of a central Siberian pine forest, Tellus B, 54, 590-610, 2002. 
Mammarella, I., Peltola, O., Nordbo, A., Järvi, L., and Rannik, Ü.: EddyUH: an advanced software package 
for eddy covariance flux calculation for a wide range of instrumentation and ecosystems, Atmos. Meas. 495 
Tech. Discuss., 2016, 1-33, 2016. 
Manzoni, S., Vico, G., Katul, G., Fay, P. A., Polley, W., Palmroth, S., and Porporato, A.: Optimizing 
stomatal conductance for maximum carbon gain under water stress: a meta-analysis across plant functional 
types and climates, Functional Ecology, 25, 456-467, 2011. 
Markkanen, T., Rannik, U., Keronen, P., Suni, T., and Vesala, T.: Eddy covariance fluxes over a boreal 500 
Scots pine forest, Boreal environment research, 6, 65-78, 2001. 
McDowell, N., Pockman, W. T., Allen, C. D., Breshears, D. D., Cobb, N., Kolb, T., Plaut, J., Sperry, J., 
West, A., Williams, D. G., and Yepez, E. A.: Mechanisms of plant survival and mortality during drought: 
why do some plants survive while others succumb to drought?, New Phytologist, 178, 719-739, 2008. 
Muukkonen, P., Nevalainen, S., Lindgren, M., and Peltoniemi, M.: Spatial Occurrence of Drought-505 
Associated Damages in Finnish Boreal Forests: Results from Forest Condition Monitoring and GIS 
Analysis, Boreal Environ. Res., 20, 172–180, 2015. 
Nemani, R. R., Keeling, C. D., Hashimoto, H., Jolly, W. M., Piper, S. C., Tucker, C. J., Myneni, R. B., and 
Running, S. W.: Climate-Driven Increases in Global Terrestrial Net Primary Production from 1982 to 1999, 
Science, 300, 1560-1563, 2003. 510 
Raddatz, T. J., Reick, C. H., Knorr, W., Kattge, J., Roeckner, E., Schnur, R., Schnitzler, K. G., Wetzel, P., 
and Jungclaus, J.: Will the tropical land biosphere dominate the climate–carbon cycle feedback during the 
twenty-first century?, Climate Dynamics, 29, 565-574, 2007. 
Reichstein, M., Ciais, P., Papale, D., Valentini, R., Running, S., Viovy, N., Cramer, W., Granier, A., OgÉE, 
J., Allard, V., Aubinet, M., Bernhofer, C., Buchmann, N., Carrara, A., GrÜNwald, T., Heimann, M., 515 
Heinesch, B., Knohl, A., Kutsch, W., Loustau, D., Manca, G., Matteucci, G., Miglietta, F., Ourcival, J. M., 
Pilegaard, K., Pumpanen, J., Rambal, S., Schaphoff, S., Seufert, G., Soussana, J. F., Sanz, M. J., Vesala, T., 
and Zhao, M.: Reduction of ecosystem productivity and respiration during the European summer 2003 
climate anomaly: a joint flux tower, remote sensing and modelling analysis, Global Change Biology, 13, 
634-651, 2007. 520 
Biogeosciences Discuss., doi:10.5194/bg-2016-198, 2016
Manuscript under review for journal Biogeosciences
Published: 10 June 2016
c© Author(s) 2016. CC-BY 3.0 License.
 15 
Reichstein, M., Falge, E., Baldocchi, D., Papale, D., Aubinet, M., Berbigier, P., Bernhofer, C., Buchmann, 
N., Gilmanov, T., Granier, A., Grünwald, T., Havránková, K., Ilvesniemi, H., Janous, D., Knohl, A., 
Laurila, T., Lohila, A., Loustau, D., Matteucci, G., Meyers, T., Miglietta, F., Ourcival, J.-M., Pumpanen, J., 
Rambal, S., Rotenberg, E., Sanz, M., Tenhunen, J., Seufert, G., Vaccari, F., Vesala, T., Yakir, D., and 
Valentini, R.: On the separation of net ecosystem exchange into assimilation and ecosystem respiration: 525 
review and improved algorithm, Global Change Biology, 11, 1424-1439, 2005. 
Reichstein, M., Tenhunen, J. D., Roupsard, O., Ourcival, J.-m., Rambal, S., Miglietta, F., Peressotti, A., 
Pecchiari, M., Tirone, G., and Valentini, R.: Severe drought effects on ecosystem CO2 and H2O fluxes at 
three Mediterranean evergreen sites: revision of current hypotheses?, Global Change Biology, 8, 999-1017, 
2002. 530 
Reick, C. H., Raddatz, T., Brovkin, V., and Gayler, V.: Representation of natural and anthropogenic land 
cover change in MPI-ESM, Journal of Advances in Modeling Earth Systems, 5, 459-482, 2013. 
Richardson, A. D., Aubinet, M., Barr, A. G., Hollinger, D. Y., Ibrom, A., Lasslop, G., and Reichstein, M.: 
Uncertainty Quantification. In: Eddy Covariance: A Practical Guide to Measurement and Data Analysis, 
Aubinet, M., Vesala, T., and Papale, D. (Eds.), Springer Netherlands, Dordrecht, 2012. 535 
Roeckner, E., Arpe, K., Bengtsson, L., Christoph, M., Claussen, M., Dümenil, L., Esch, M., Giogetta, M., 
Schlese, U., and Schultz-Weida, U.: The atmospheric general circulation model ECHAM4: Model 
description and simulation of the present-day climate, Max Planck Institute for Meterology, Hamburg, 1996. 
Roeckner, E., Bäuml, G., Bonaventura, L., Brokopf, R., Esch, M., Giorgetta, M., Hagemann, S., Kirchner, 
I., Kornblueh, L., and Manzini, E.: The atmospheric general circulation model ECHAM5. PART I: Model 540 
description. MPI for meteorology, Hamburg, Germany, 2003. 
Schulze, E.-D., Beck, E., and Müller-Hohenstein, K.: Plant Ecology, Springer-Verlag Berlin Heidelberg, 
2005. 
Seneviratne, S. I., Corti, T., Davin, E. L., Hirschi, M., Jaeger, E. B., Lehner, I., Orlowsky, B., and Teuling, 
A. J.: Investigating soil moisture–climate interactions in a changing climate: A review, Earth-Science 545 
Reviews, 99, 125-161, 2010. 
Stevens, B., Giorgetta, M., Esch, M., Mauritsen, T., Crueger, T., Rast, S., Salzmann, M., Schmidt, H., 
Bader, J., Block, K., Brokopf, R., Fast, I., Kinne, S., Kornblueh, L., Lohmann, U., Pincus, R., Reichler, T., 
and Roeckner, E.: Atmospheric component of the MPI-M Earth System Model: ECHAM6, Journal of 
Advances in Modeling Earth Systems, 5, 146-172, 2013. 550 
Vesala, T., Suni, T., Rannik, Ü., Keronen, P., Markkanen, T., Sevanto, S., Grönholm, T., Smolander, S., 
Kulmala, M., Ilvesniemi, H., Ojansuu, R., Uotila, A., Levula, J., Mäkelä, A., Pumpanen, J., Kolari, P., 
Kulmala, L., Altimir, N., Berninger, F., Nikinmaa, E., and Hari, P.: Effect of thinning on surface fluxes in a 
boreal forest, Global Biogeochemical Cycles, 19, 2005. 
Will, R. E., Wilson, S. M., Zou, C. B., and Hennessey, T. C.: Increased vapor pressure deficit due to higher 555 
temperature leads to greater transpiration and faster mortality during drought for tree seedlings common to 
the forest–grassland ecotone, New Phytologist, 200, 366-374, 2013. 
Wilson, K., Goldstein, A., Falge, E., Aubinet, M., Baldocchi, D., Berbigier, P., Bernhofer, C., Ceulemans, 
R., Dolman, H., Field, C., Grelle, A., Ibrom, A., Law, B. E., Kowalski, A., Meyers, T., Moncrieff, J., 
Monson, R., Oechel, W., Tenhunen, J., Valentini, R., and Verma, S.: Energy balance closure at FLUXNET 560 
sites, Agricultural and Forest Meteorology, 113, 223-243, 2002. 
Wolf, S., Eugster, W., Ammann, C., Häni, M., Zielis, S., Hiller, R., Stieger, J., Imer, D., Merbold, L., and 
Buchmann, N.: Contrasting response of grassland versus forest carbon and water fluxes to spring drought in 
Switzerland, Environmental Research Letters, 8, 035007, 2013. 
Zhou, S., Duursma, R. A., Medlyn, B. E., Kelly, J. W. G., and Prentice, I. C.: How should we model plant 565 
responses to drought? An analysis of stomatal and non-stomatal responses to water stress, Agricultural and 
Forest Meteorology, 182–183, 204-214, 2013. 
 
Biogeosciences Discuss., doi:10.5194/bg-2016-198, 2016
Manuscript under review for journal Biogeosciences
Published: 10 June 2016
c© Author(s) 2016. CC-BY 3.0 License.
 16 
 
 570 
Figure 1: Relationship between daily gross primary production (GPP) and evapotranspiration/transpiration 
(ET/T) at Hyytiälä. Data are categorized according to soil moisture index (SMI), solar radiation (Rs), air 
temperature (Ta) and vapour pressure deficit (VPD). The solid lines are fitted regression lines, and the dashed 
lines show the 97.5th (upper dashed line) and 2.5th (lower dashed line) percentiles of the data. The two deviated 
groups (a and b) are marked with red circles.  575 
 
 
Figure 2: Response of daily gross primary production (GPP) to incoming solar radiation (Rs), air temperature 
(Ta), vapour pressure deficit (VPD) and soil moisture index (SMI) at Hyytiälä, categorized with soil moisture 
conditions. The lines are fitted regression lines for the categorized SMI groups.  580 
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Figure 3: Response of daily evapotranspiration/transpiration (ET/T) to incoming solar radiation (Rs), air 585 
temperature (Ta), vapour pressure deficit (VPD) and soil moisture index (SMI) at Hyytiälä, categorized with soil 
moisture conditions. The lines are fitted regression lines for the categorized SMI groups.  
 
 
Figure 4: Relationship between daily ecosystem water use efficiency (EWUE) and evapotranspiration (ET), and 590 
between daily gross primary production multiplied by vapour pressure deficit (GPP × VPD) and ET based on 
the observed dataset at Hyytiälä; relationship between transpiration-based ecosystem water use efficiency 
(EWUEt) and transpiration (T), and between GPP × VPD and evapotranspiration/transpiration (ET/T) using 
the simulated dataset at Hyytiälä. 
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Table 1: Key characteristics relevant to this study at the two measurement sites; and the parameter settings in 
the JSBACH site level simulations for the two sites. 
 600 
 
 
 
 
 605 
 
Observation 
Site Location Vegetation type 
LAI (m2/m2) 
(all-sided, 
annual) 
Canopy 
height 
(m) 
Measureme
nt height 
(m) 
Mean annual 
temperature (◦C) and 
precipitation (mm) (30 
year average) 
Soil type 
Analysed 
measurement 
depth of soil 
moisture (cm) 
References 
Hyytiälä 61°51'N, 24°17'E Scots pine 8 13-16 23 2.9; 709 
Mineral 
(Haplicpodzol) 
−5 to −23;  
−23 to −60 
Markkanen et 
al.(2001); Vesala et 
al. (2005) 
Sodankylä 67°22'N, 26°38'E Scots pine 3.6 13-18 23.5 -1.0; 500 
Mineral  
(Sandy Podzol) 
−10, −20, −30 
(averaged) Aurela (2005) 
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Regression analysis  
The relationships between gross primary production (GPP) and evapotranspiration/transpiration (ET/T), and their 
relationships to environmental variables (incoming solar radiation (Rs), air temperature (Ta), vapour pressure deficit 
(VPD) and soil moisture index (SMI)) under different soil moisture conditions were studied by regression analysis at 
both sites. We used curve or linear fitting procedures in R software (R Core Team, 2013) to derive the best fitting 15 
parameters and coefficients of determination for the prescribed functions. These fittings were adopted to provide 
general information as to the relationships of those variables, but should not be used to predict plant functioning.  
 
For the relationships between GPP and ET/T, the outliers of the data (deviated groups a and b) were defined based on 
the residuals from the fitted line. We consider that the data with residuals within the 2.5th and 97.5th percentiles mostly 20 
happen under normal weather conditions, whereas data with residuals outside the percentiles are influenced by extreme 
weather or uncertainties in the measurements.  
 
The fitting function for the relationship between GPP (as Y) and ET/T (as X) is   
 Y= D+A×(1- exp(-X/B))c.                                                           (1)  25 
 
For Hyytiälä, the derived parameters for the relationship between GPP and ET from the observed dataset are: A = 
11.42, B = 3.08, C = 0.61, D = 0;   
and the derived parameters for the relationship between GPP and ET from the simulation are: A = 10.64, B = 3.74, C 
= 1, D = 3.52;   30 
and the derived parameters for the relationship between GPP and T from the simulation are: A = 8.18, B = 1.98, C = 
1, D = 4.17.  
 
For Sodankylä, the derived parameters for the relationship between GPP and ET from the observed dataset are: A = 
15, B = -4.80, C = 1, D = 0;  35 
 2 
and the derived parameters for the relationship between GPP and ET from the simulation are: A = 17.43, B = 20.40, 
C = 1, D = 3.31;  
and the derived parameters for the relationship between GPP and T from the simulation are: A = 6.52, B = 4.07, C = 
1, D = 3.25. 
 40 
The fitting functions and parameters for the relationships between GPP or ET/T to the environmental variables under 
different soil moisture conditions are summarized in Table S1 and Table S2. 
References 
R Core Team: R: A language and environment for statistical computing. R Foundation for Statistical Computing, 
Vienna, Austria, URL http://www.R-project.org/, 2013. 45 
 
 
 
Figure S1: Upper panel: relationship between daily gross primary production (GPP) and evapotranspiration 
(ET) from the simulated dataset at Hyytiälä. Data are categorized according to environmental variables (soil 50 
moisture index (SMI), incoming solar radiation (Rs), air temperature (Ta) and vapour pressure deficit (VPD)). 
The solid lines are fitted regression lines, and the dashed lines show the 97.5th (upper dashed line) and 2.5 th 
(lower dashed line) percentiles of the data. Lower panel: Response of daily evapotranspiration (ET) to 
environmental variables from the simulated dataset at Hyytiälä, categorized with soil moisture conditions. The 
lines are fitted regression lines for the categorized SMI groups.  55 
 3 
 
Figure S2: Relationship between daily gross primary production (GPP) and evapotranspiration/transpiration 
(ET/T) at Sodankylä. Data are categorized according to soil moisture index (SMI), incoming solar radiation 
(Rs), air temperature (Ta) and vapour pressure deficit (VPD). The solid lines are fitted regression lines, and 
the dashed lines show the 97.5th (upper dashed line) and 2.5th (lower dashed line) percentiles of the data.  60 
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Figure S3: Response of daily gross primary production (GPP) to incoming solar radiation (Rs), air temperature 
(Ta), vapour pressure deficit (VPD) and soil moisture index (SMI) at Sodankylä, categorized with soil moisture 
conditions. The lines are fitted regression lines for categorized SMI groups.  
 70 
Figure S4: Response of daily evapotranspiration/transpiration (ET/T) to incoming solar radiation (Rs), air 
temperature (Ta), vapour pressure deficit (VPD) and soil moisture index (SMI) at Sodankylä, categorized with 
soil moisture conditions. The lines are fitted regression lines for the categorized SMI groups.  
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Figure S5: Relationship between daily ecosystem water use efficiency (EWUE) and evapotranspiration (ET), 75 
and between daily gross primary production (GPP) multiplied by vapour pressure deficit (GPP × VPD) and 
ET based on the observed dataset at Sodankylä; relationship between transpiration-based ecosystem water use 
efficiency (EWUEt) and transpiration (T), and between GPP × VPD and ET/T using the simulated dataset at 
Sodankylä.  
 80 
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Table S1: Regression parameters and the coefficients of determination between daily gross primary production 
(GPP) and environmental variables (incoming solar radiation (Rs), air temperature (Ta), vapour pressure 95 
deficit (VPD) and soil moisture index (SMI)) categorized with SMI at Hyytiälä.  
Environmental Variable Rs Ta SMI VPD 
Fitting function Michaelis-Menten function Linear function Linear function Exponential decay function  
Parameter Vm K r2 slop interception r2 slop interception r2 C/slope k/interception A r2 
GPP 
observation 
N1 6.950  72.840  0.110  -0.565  15.027  0.490  57.990  -4.088  0.620  *-3.001 *6.567 NA *0.170 
N2 11.010  87.660  0.480  0.158  4.556  0.080  5.434  4.700  0.020  7.728  -6.756  0.000  0.370  
N3 11.390  81.290  0.650  0.155  5.338  0.100  2.637  6.503  0.010  8.563  -6.837  0.000  0.560  
N4 10.190  75.780  0.600  0.141  4.942  0.100  8.559  -2.382  0.010  7.886  -4.946  0.000  0.460  
N5 10.400  74.330  0.590  0.392  1.039  0.290  21.747  -17.777  0.220  7.968  -6.006  0.000  0.610  
simulation 
N1 17.470  403.390  0.750  -0.175  9.261  0.060  31.118  2.597  0.670  6.513  -4.761  0.000  0.050  
N2 16.400  214.030  0.940  0.343  2.325  0.200  10.045  -7.000  0.020  10.064  -3.048  0.000  0.530  
N3 17.450  208.730  0.940  0.374  2.532  0.310  9.424  -2.389  0.004  10.370  -3.218  0.000  0.650  
N4 16.190  188.670  0.930  0.362  2.231  0.310  9.970  -3.179  0.006  10.445  -3.373  0.000  0.630  
N5 18.530  233.070  0.980  0.382  1.620  0.270  15.220  -8.891  0.060  10.256  -2.957  0.000  0.680  
Fitting function Exponential Decay function Linear function Linear function Exponential decay function  
Parameter C/slope k/interception r2 slop interception r2 slop interception r2 C/slope k/interception A r2 
ET 
observation 
N1 2.584  -0.004  0.320  -0.053  2.377  0.045  9.990  0.217  0.560  *0.0382 *1.399 NA *0.001 
N2 2.942  -0.007  0.510  0.092  0.584  0.160  -2.215  2.729  0.040  2.389  -4.705  0.000  0.340  
N3 3.513  -0.006  0.580  0.097  0.786  0.160  -0.622  2.633  0.010  2.818  -4.225  0.000  0.440  
N4 3.178  -0.006  0.550  0.083  0.857  0.150  -1.108  2.742  0.013  2.877  -2.417  0.000  0.470  
N5 2.845  -0.008  0.600  0.128  -0.027  0.220  -2.319  3.974  0.080  2.888  -2.856  0.000  0.660  
simulation 
N1 *0.009 *-0.653 *0.600 0.033  0.801  0.010  17.073  -1.243  0.330  2.167  -1.273  0.000  0.150  
N2 *0.012 *-0.475 *0.820 0.164  -0.603  0.220  3.246  0.923  0.010  4.770  -0.832  0.000  0.490  
N3 *0.014 *-0.645 *0.880 0.162  -0.134  0.170  1.423  1.634  0.001  5.038  -1.140  -0.121  0.610  
N4 *0.014 *-0.527 *0.830 0.111  0.277  0.140  1.533  0.952  0.003  6.019  -0.829  -0.062  0.590  
N5 *0.015 *-0.578 *0.840 0.143  -0.179  0.120  -4.117  5.275  0.014  5.296  -1.486  -0.623  0.690  
T simulation 
N1 *0.009 *-0.790 *0.780 0.035  0.439  0.017  6.778  0.274  0.230  *1.086 *0.130 NA *0.397 
N2 *0.011 *-0.702 *0.760 0.207  -1.755  0.390  -1.491  2.050  0.005  *2.388 *-0.162 NA *0.733 
N3 *0.013 *-1.015 *0.810 0.204  -1.328  0.280  -1.590  2.580  0.006  *3.097 *-0.244 NA *0.846 
N4 *0.012 *-0.821 *0.760 0.134  -0.628  0.230  -1.320  2.331  0.006  *3.223 *-0.290 NA *0.753 
N5 *0.012 *-0.695 *0.790 0.156  -1.041  0.230  -5.556  6.283  0.130  *3.257 *-0.369 NA *0.853 
The groups N1 to N5 are classified according to soil moisture conditions: N1 (0 ≤SMI < 0.2), N2 (0.2 ≤ SMI < 0.4), 
N3 (0.4 ≤ SMI < 0.6), N4 (0.6 ≤ SMI < 0.8), N5 (0.8 ≤ SMI < 1). The form of exponential function is Y = C×(1-
exp(k×X)) or Y = A+C×(1-exp(k×X)). The form of Michaelis-Menten function is Y=Vm×X/(K+X). Values marked 
with * mean that linear function is adopted as the fitting function for this group of data, which is different to other 100 
groups from the observed dataset; NA means there is no data for this group or that the parameter is not needed in the 
fitting function.  
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Table S2: Regression parameters and the coefficients of determination between daily 105 
evapotranspiration/transpiration (ET/T) and environmental variables (incoming solar radiation (Rs), air 
temperature (Ta), vapour pressure deficit (VPD) and soil moisture content (θ)/soil moisture index (SMI)) 
categorized with θ/SMI at Sodankylä.  
Environmental Variable Rs Ta SMI VPD  
Fitting function Michaelis-Menten function Linear function Linear function Exponential decay function   
Parameter Vm K r2 slop interception r2 slop interception r2 C k r2  
GPP 
observation 
N1 NA NA NA NA NA NA NA NA NA NA NA NA  
N2 6.414  49.874  0.140  0.117  3.194  0.058  37.713  2.974  0.024  5.359  -6.781  0.170   
N3 8.118  100.297  0.510  0.290  0.802  0.440  23.336  3.148  0.020  6.039  -4.964  0.550   
N4 7.331  77.857  0.230  0.190  2.359  0.171  -19.716  7.161  0.010  5.492  -7.474  0.220   
N5 6.393  68.408  0.270  0.188  2.032  0.146  -95.103  17.151  0.141  4.827  -9.322  0.220   
simulation 
N1 11.547  264.615  0.610  0.303  0.203  0.449  12.703  2.398  0.033  7.044  -1.848  0.540   
N2 10.124  186.965  0.510  0.237  1.909  0.655  -5.682  7.248  0.068  7.040  -2.379  0.680   
N3 7.620  100.031  0.590  0.243  1.538  0.627  -3.135  6.176  0.025  5.539  -5.632  0.510   
N4 6.187  57.301  0.470  0.208  1.854  0.579  2.756  2.511  0.026  4.772  -11.735  0.250   
N5 6.666  78.950  0.490  0.218  1.364  0.469  -7.349  10.970  0.145  4.903  -7.955  0.380   
Fitting function Exponential Decay function Linear function Linear function Exponential decay function   
Parameter C/slope k/interception r2 slop interception r2 slop interception r2 C/slope k/interception r2  
ET 
observation 
N1 NA NA NA NA NA NA NA NA NA NA NA NA   
N2 *0.002 *1.293 *0.036 0.017  1.336  0.009  21.392  0.484  0.066  *0.184 *1.469 *0.010  
N3 2.406  -0.011  0.360  0.114  0.290  0.372  13.585  0.854  0.034  2.273  -5.829  0.330   
N4 2.341  -0.011  0.310  0.080  0.841  0.256  -13.490  3.459  0.041  2.163  -7.209  0.250   
N5 2.029  -0.016  0.200  0.095  0.628  0.288  -15.059  3.765  0.032  1.973  -9.307  0.100   
simulation 
N1 *0.012 *-0.950 *0.836 0.049  0.826  0.017  0.550  4.159  0.007  *0.909 *29.715 *0.826  
N2 *0.013 *-0.819 *0.771 0.089  0.451  0.089  2.882  -2.471  0.018  *2.558 *0.235 *0.745  
N3 *0.013 *-0.675 *0.755 0.104  0.294  0.122  2.759  -2.320  0.015  *3.124 *0.212 *0.602  
N4 *0.014 *-0.742 *0.739 0.124  0.253  0.245  4.914  -1.851  0.072  *3.712 *0.057 *0.689  
N5 *0.018 *-1.127 *0.740 0.200  -1.634  0.373  -7.869  8.803  0.118  *5.170 *-0.329 *0.693  
T simulation 
N1 *0.011 *-0.868 *0.791 0.209  -1.845  0.449  4.422  0.424  0.008  *2.318 *-0.302 *0.842  
N2 *0.012 *-1.019 *0.751 0.143  -0.352  0.347  -2.331  2.520  0.017  *2.704 *-0.188 *0.881  
N3 *0.009 *-0.631 *0.767 0.102  -0.294  0.234  -4.962  3.430  0.133  *2.709 *-0.213 *0.900  
N4 *0.008 *-0.483 *0.670 0.084  -0.131  0.199  3.710  -1.656  0.101  *2.741 *-0.190 *0.919  
N5 *0.008 *-0.439 *0.747 0.057  -0.040  0.122  -5.717  6.017  0.336  *2.553 *-0.203 *0.912  
The groups N1 to N5 are classified according to soil moisture conditions. For the observed dataset at Sodankylä, soil 
moisture content (θ) [m3 H2O m-3] was used for classification of the groups: N1 (0 ≤ θ < 0.032), N2 (0.032 ≤ θ < 110 
0.064), N3 (0.064 ≤ θ < 0.096), N4 (0.096 ≤ θ < 0128), N5 (0.128 ≤ θ < 0.16). For the simulated results, SMI was 
used to define the groups: N1 (0 ≤SMI < 0.2), N2 (0.2 ≤ SMI < 0.4), N3 (0.4 ≤ SMI < 0.6), N4 (0.6 ≤ SMI < 0.8), N5 
(0.8 ≤ SMI < 1). The form of exponential function is Y = C×(1-exp(k×X)) or Y = A+C×(1-exp(k×X)). The form of 
Michaelis-Menten function is Y = Vm×X/(K+X). Values marked with * mean that linear function is adopted as the 
fitting function for this group of data, which is different to other groups from the observed dataset; NA means there is 115 
no data for this group or that the parameter is not needed in the fitting function.  
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